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Abstract  
This paper reviews the state of the art of anodized titanium dioxide nanotubes (TiO2 NTs), with an 
emphasis on the growth mechanism leading to their formation and the effect of heat treatment on 
their structure and properties. The discussion is primarily focused on TiO2 NTs grown in fluoride 
containing electrolytes, although the mechanism of formation of NTs in fluoride free solutions via 
Rapid Breakdown Anodization (RBA) is briefly covered. After an initial overview of progress made 
on the synthesis of anodized TiO2 NTs the review provides an analysis of the factors affecting the 
anodizing process (fluoride concentration, electrolyte type, applied potential and anodizing time). 
Details of the current-time transient, the chemistry of the process and the chemical composition of 
the anodic films are described which provide key information to unveil the nanotube growth 
mechanism. The main debate is whether NTs growth in fluoride containing solutions occurs via 
field-assisted plastic flow (i.e. a constant upward displacement of the oxide to form the NTs) 
combined with field-assisted ejection of the Ti
4+
 ions (i.e. ions are ejected into the electrolyte 
without oxide formation) or via field-assisted dissolution (i.e. preferential dissolution at the pore 
base where the field is stronger) or whether both processes play a role. Whenever anodization takes 
place in organic solutions the experimental evidence supports the plastic flow model, whereas in 
aqueous media field-assisted (and chemical) dissolution occur. The mechanism of rib formation on 
the walls of the NTs is also reviewed, and it clearly emerges that the applied potential and water 
content in the electrolyte are key factors in determining whether the NTs are ribbed or smooth. 
There also appears to be a relationship between the presence of ribs and the evolution of oxygen 
bubbles at the anode. The impact of thermal treatment on the properties of the NTs is also 
described. A variety of crystalline structures are present in the NTs (i.e. anatase or rutile), 
depending on the heat treatment temperature and atmosphere and the resulting electrical properties 
can be varied from dielectric to semi-metallic. A heat treatment temperature limit ranging from 500 
to 800°C exists, depending on preparation history, above which sintering of nanoscale titania 
particles occurs leading to collapse of the NTs structure. Future work should aim at using annealing 
not just to influence the resulting crystalline phase, but also for generating defects to be exploited in 
specific applications (i.e. photocatalysis, water splitting and photovoltaics). 
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1. Introduction 
Titanium dioxide (titania, TiO2) is a versatile material and is used in many different applications, 
including paints and food [1], biomedicine [2], photocatalysis [3], photo-splitting of water [4], 
sunscreen protection for cosmetics, light sensitive materials [5], dye sensitized solar cells [6] and 
gas-sensing [7]. Over the last few years an extensive research effort has been dedicated to the 
engineering of novel nanomaterials [8], including nanostructured titania [9] prepared via 
anodization, sol-gel, hydrothermal, and vapour deposition techniques [10]. The ability to grow 
porous oxide anodic structures has been known for more than a century thanks to the work of Keller 
and co-workers in 1953 [11], whom described the anodic alumina array as a hexagonally close-
packed duplex structure consisting of both a porous and barrier (pore free) layer. A milestone in the 
field was reached in 1995 when the degree of self-order in Anodized Aluminium Oxide (AAO) was 
significantly optimized by Masuda and Fukuda [12] using a two-step anodizing approach. The 
discovery of anodized TiO2 nanopores and nanotubes (NTs) is more recent, dating back to 1984 
[13], although early key contributions to the topic are generally considered to be from Zwilling et 
al. in 1999 [14, 15] and from Gong et al. in 2001 [16]. In addition to TiO2 NTs and AAO arrays, the 
synthesis of anodized porous and tubular structures has also been extended to other valve metals, 
such as Zr [17, 18], W [19, 20], Nb [21, 22], Ta [23, 24], Hf [25], V [26] as well as several alloys 
[27] of these metals. Among the non-valve metals, Fe [28], Ga [29] and Co [30] have also been 
successfully converted into self-organized porous/tubular anodic oxides. This manuscript reviews 
the state of the art of the growth mechanism leading to the formation of anodized TiO2 NTs in 
fluoride containing electrolytes; a section concerning their growth in fluoride free electrolytes is 
also included. Furthermore, the effect of thermal treatments on the structure, properties and 
crystallinity [31-34] of the NTs is discussed in detail.  
 
1.1. Barrier and porous/tubular type anodic TiO2 films 
In a similar approach to anodic alumina [35], a first distinction can be made between the barrier 
(pore free) and porous (or tubular) type anodic TiO2. The nature of the electrolyte is essential in 
determining the type of morphology that is eventually formed. Whenever the anodizing solution 
contains fluoride ions (or perchlorate, chloride or bromide ions), the anodic TiO2 film will develop 
a porous/tubular morphology whereas in other electrolyte media the TiO2 film will be of a barrier 
type. The pore initiation process [36-38] and the self-assembly of the anodic film remain 
controversial issues and are discussed in more in detail in section 4.2. It should be stated that barrier 
films arise when the anodic oxide is insoluble in the electrolyte and porous/tubular films are 
generally formed whenever the oxide is moderately soluble in the electrolyte. 
 
1.1.1. The barrier (pore-free) layer  
Anodization of titanium is historically associated with the colouring process, the result of an optical 
interference effect caused by the thickness of the TiO2 film and is used commercially for the 
production of jewellery [39]. During the colouring process, the oxide that is formed is generally a 
barrier type film. The anodizing ratio, defined as the maximum oxide thickness obtainable per unit 
volt, is in the range 1-3nm/V [40]. The anodization process is explained in terms of field-assisted 
oxidation since the oxide grows as a result of the movement of ions under the action of an applied 
electric field. As the oxide film grows thicker and its overall electrical resistance increases, it acts as 
a barrier to the flow of ions and electrons.  The oxidation process slows down and eventually 
ceases. The presence of a pore free barrier layer limits the final thickness of the oxide to within a 
few hundred nanometers. Some of the electrolytes typically leading to barrier type TiO2 films are 
aqueous solutions of sulphuric, phosphoric or acetic acid [41], as shown in Table 1. 
 
1.1.2 The porous/tubular layer  
Nanoporous and tubular titania layers form on passage of an anodization current using fluoride 
containing electrolytes. The titania layers develop perpendicular to the metal substrate which can be 
self-organized under controlled conditions [42]. Recently, bundles of TiO2 NTs (i.e. not self-
organized) have been also prepared by rapid breakdown anodization in perchlorate, chloride or 
bromide (fluoride free) containing electrolytes [43-54]. NTs have also been obtained in a sulphuric 
acid electrolyte [55] by tuning the concentration and the anodization potential in order to create a 
condition for breakdown to occur, although (as stated in section 1.1.1) sulphuric acid can generally 
be considered a TiO2 barrier layer forming electrolyte [41]. Titanium and titanium dioxide are 
readily dissolved in fluoride based electrolytes, particularly those containing hydrofluoric acid. In 
addition to field-assisted oxidation of porous/tubular layers, it is important to define the process of 
field-assisted dissolution leading to dissolution of the oxide preferentially at the pore/tube base, 
where the electric field is stronger. This implies that there is a constant dissolution rate of the anodic 
layer at the base of each pore. In a fluoride containing electrolyte the oxide dissolves leading to the 
formation of a titanium hexafluoride complex [TiF6
2-
], which is stable in water. The applied electric 
field may also weaken the bond between Ti and O in the oxide, effectively facilitating chemical 
dissolution of TiO2 (i.e. dissolution due to the presence of fluoride ions that occurs even in the 
absence of an electric field) and therefore the formation of [TiF6
2-
]. As highlighted in Table 1, the 
anodic structure has a thin barrier inner layer at the metal/oxide interface (M/MO) and a porous 
outer layer at the oxide/electrolyte (MO/Electrolyte) interface [16]. 
 
1.2 Synthesis 
This section provides an overview of the synthesis of NTs. For  detailed and comprehensive state-
of-the-art publications on their applications, ranging from photo-catalysis and dye sensitized solar 
cells to biomedicine and gas-sensing, the reader should refer to some recent excellent reviews [27, 
42, 56-65] and books [66, 67]. The first known manuscript on (ordered) porous anodized titania was 
reported by Assefpour-Dezfuly et al. [13] in 1984 where Ti metal was firstly etched in an alkaline 
peroxide and then anodized in chromic acid. In 1999, Zwilling and co-workers reported on the 
formation of nanoporous anodized titania in a fluoride containing electrolyte [14, 15], prompting 
the significant body of work undertaken on porous/tubular anodized Ti over the last two decades. 
Clearly, there has been significant progress made regarding their synthesis, which has led to:    
 
(i)  a 1
st
 generation of NTs [16, 34, 68-71] prepared in hydrofluoric acid which were only 0.5µm 
long,  
 
(ii) a 2
nd
 generation of NTs up to 5 µm long [72-76] grown in water based electrolytes containing 
fluorine salts  
 
(iii) a 3
rd
 generation of smooth NTs (i.e. no ribs on the tube sides, unlike the 1
st
 and 2
nd
 generations) 
and longer NTs, up to 100-1000µm grown in organic electrolytes containing fluoride ions [77-84], 
see Table 2. 
 
Macak et al. [85] have also improved the ordering of the NTs to hexagonally close packed arrays 
using a multi-step approach, in a similar fashion to nanoporous alumina [12]. Similar results have 
also been achieved by Albu et al. [86] who produced 250µm long NTs with hexagonal self-ordering 
by working within a critical parameter range of fluoride concentration, anodizing potential and 
time. In contrast, a regular structure more akin to nanopores was achieved by Shin and Lee [87], 
using a two-step anodization. These highly ordered anodic TiO2 nanostructures [85-87] are defined 
as the 4
th
 generation of anodized TiO2 NTs and nanopores, as highlighted in Table 2. Furthermore it 
has been shown that the NTs can be generated using an ionic liquid water miscible electrolyte [88, 
89] and advanced geometries including bamboo type NTs [90, 91], nanolaces [90], doubled-walled 
NTs [92] and single walled NTs (i.e. with lower content of carbon and titanium oxy-hydroxide) 
[93], two size scale NTs on Ti alloys [94], modulated NT stacks [95], multi-layered NTs [96-98], 
free standing NT membranes [84, 99, 100], extra-wide diameter NTs [101, 102] also with the aid of 
UV-Vis irradiation [103], double sided NTs [104], nanocolumns [105], TiO2/Ta2O5 superlattice 
NTs arrays [106], hierarchically branched NTs [107], nanosponges [108], selectively sculpted NTs 
by focused ion beam (i.e. open or closed pores/tubes to allow selective modification of their top 
surface) [109]. This enormous variety of organized nanostructure can be obtained by tuning the 
growth parameters: applied potential, electrolyte type (organic, aqueous), water content in organic 
solutions, fluoride concentration, anodizing time, pre-treatment (polishing) of the Ti substrate. It has 
been recently reported that the growth of the NTs is also influenced by the crystallographic 
orientation of the titanium substrate grains; for example it appears that NTs preferentially form on 
Ti (111) sites [110]. Similarly, Su and co-workers have shown that NTs grown from polycrystalline 
Ti foils exhibit a bimodal pore size distribution, with NTs developing on the Ti (0001) plane 
showing thinner barrier layer thickness, shorter length, smaller pore size and better crystallinity than 
NTs grown on other planes [111]. Finally, it should be noted that the growth of NTs is not limited 
to fluorine based solutions; NTs have also been grown using fluoride free electrolytes containing 
chloride/perchlorate ions [43-52], bromide ions [47] or nitrates [112]. In most of the cases it is 
possible to obtain long (several tens of µm) and non-self-organized NTs by adopting a very short 
anodizing time (seconds/minutes), although the formation of self-ordered NTs in an organic media 
containing chlorine ions has also been reported [53].  
 
 
2. Self-ordered anodized TiO2 nanotubes in fluoride containing electrolytes 
In the majority of fluoride free anodization solutions the TiO2 layer developing at the anode is of a 
barrier type and the anodizing process stops when the anodic film reaches a critical thickness and 
prevents the electric field from sustaining ionic migration across the oxide film.  The maximum 
thickness of the oxide is determined by the applied potential and it is quantified by the anodizing 
ratio. If an optimized concentration of F
- 
is used, (i.e. typically in the range 0.3-0.5wt.%, below a 
threshold causing complete dissolution of the oxide formed or electro-polishing of the metallic Ti), 
then anodization occurs and it is in principle possible to extend the thickness of the anodic film. A 
schematic summary of the reaction phenomena occurring in fluoride containing media is shown in 
Fig. 1a. The applied electric field drives Ti
4+
 ions from the Ti substrate towards the electrolyte, 
where they combine with F
-
 ions to form a stable titanium hexafluoride complex, [TiF6]
2-
. Anions 
such as O
2-
 and OH
-
 originating from the dissociation of water [113] and F
-
 migrate towards the 
anode. Hydrogen bubbles are formed at the cathode and, depending on the conditions, a typical side 
reaction at the anode is oxygen evolution [114, 115]. Additional ions from the electrolyte will also 
migrate towards or away from the anode depending on their electrostatic charge and can be 
incorporated within the film, as will be discussed in section 4.3.1. The presence of F
-
 ions, capable 
of partially dissolving the oxide, is believed to be crucial in forming porosity in the film and 
possibly act to sustain the porosity during the formation of the NTs, as schematically shown in Fig 
1b. The synthesis of self-organized TiO2 NTs in fluoride containing electrolytes is generally 
performed under potentiostatic conditions, offering overall better control of the morphology and 
higher growth efficiency than galvanostatic anodization [116, 117].  
At this point, an important distinction can be made between aqueous and organic electrolytes: 
fluoride ions in water based solutions are far more aggressive than in organic media, which is why 
the growth of the NTs in water is limited to lengths of a few microns [16, 34, 68-76]. Examples of 
NTs structures formed in aqueous based and organic electrolytes are shown in Fig. 1c and Fig. 1d 
respectively. Typical features to observe are the open top (mouth) and the closed scalloped bottom 
of the NTs. The NTs prepared in water exhibit ripples on the side wall, Fig. 1c (side view), whereas 
those grown in organic solutions can form with ripples or be smooth (Fig. 1d). The use of fluoride 
free solutions enabling the growth of tubular TiO2 structures via Rapid Anodization Breakdown 
(RAB) will be discussed separately in section 6, whereas the following sections provide a detailed 
description of the formation of TiO2 NTs in both fluoride containing aqueous and organic 
electrolytes. 
2.1 TiO2 NTs in aqueous based electrolytes: a brief history 
When TiO2 NTs are formed in fluoride containing aqueous media the chemical dissolution of Ti 
and TiO2 can be significant and needs to be optimized for oxide growth; this is in contrast to the 
well-known case of Anodized Aluminum Oxide (AAO) [35] where chemical dissolution plays a 
minor role. Early attempts to use HF containing water media were only able to produce 0.5µm long 
NTs due to the high chemical dissolution of TiO2 in the acidic electrolyte [16, 34, 68-71], as shown 
in Fig. 2a [16].  By reducing the electrolyte acidity and using aqueous solutions of fluorine salts 
rather than HF, the rate of chemical dissolution of TiO2 was reduced and longer NTs, up to 2-4µm 
long, could be grown [72-74], see Fig. 2b [75]. Macak et al. [75] showed  that by using 
Na2SO4/NaF and (NH4)2SO4/NH4F aqueous solutions it was possible to grow NTs whereas 
Cs2SO4/CsF and K2SO4/KF led to a high degree of precipitation and non-uniform TiO2 dissolution 
phenomena. These observations provided the first evidence for the importance of selecting an 
appropriate cation to optimise the growth of the NTs. The earliest proposed titania growth models 
[16, 68-71] were based on the initial formation of a barrier layer followed by the development of 
pits and cracks at the surface. Pores/tubes would develop preferentially at such spots (i.e. pits and 
cracks), since pitting of the oxide allowed the passage of current, effectively creating easy paths for 
the development of NTs because of (i) the presence of a higher electric field beneath the pores [70] 
or (ii) localized acidification at the base of the tubes (i.e. a pH gradient between the pore base and 
mouth), leading to a higher dissolution rate at the pore bottom [73].  
The diffusion of ions within the pores appears to be a length limiting factor [42, 118]. The structure 
does not immediately become self-organized, as demonstrated by Yasuda et al [96] who proposed a 
change from a random “worm-like” porous structure to a self-ordered nanotubular array as the 
result of competition between strong pores (i.e. channels where the passage of current and ions is 
favoured) and weak pores (i.e. channels where the passage of current and ions is more difficult). In 
AAO, one model suggests that pore self-organization is driven by repulsive forces triggered by the 
volume expansion during oxidation and the compressive stress [119-121] generated mainly by 
differential properties at the metal/metal oxide interface. In a similar fashion, volume expansion and 
compressive stress are believed to trigger the transition from pores to tubes in TiO2. Alternative 
models relate the formation of gaps between the NTs either by cationic vacancies generated from Ti 
dissolution in the electrolyte and their migration towards the outer wall of the NTs [71] or further 
pitting/etching from fluoride ions between pores followed by deepening of the gaps by means of 
field-assisted dissolution [68]. Our studies on the early stages of NT growth in aqueous based media 
indicates that under such conditions cavities of different sizes are evident almost immediately 
within the anodic film and oxygen evolution at the anode influences the growth process, 
contributing to the formation of  oxide rings which pile up to form the NTs [76, 114]. This implies 
that in water based electrolytes a transition from pores to tubes, often suggested [68, 70, 73, 96], 
may not occur. Finally, from Fig. 1c, Fig. 2a [16] and Fig. 2b [75],  it is evident that NTs grown in 
water media have ripples on the side of the walls and their origin is discussed further in section 5.2.  
 
2.2. TiO2 NTs in organic based electrolytes: a brief history 
During anodization in an organic electrolyte, any residual or deliberately added water is generally 
the source of oxygen [122, 123]. The contribution of oxygen from the organic electrolytes to the  
anodization process is thought to be rather difficult since the oxygen ion is far more strongly 
bonded to the carbon either by a single (C-OH) or a double bond (C=O) [124]; nevertheless studies 
on Al2O3  indicate that it is possible [125].  
Using specific solvents containing three adjacent hydroxyl group-bonded carbons, C-OH, at a 
temperature in the range 150-180°C and with a residual amount of water not exceeding 0.1wt% it 
has been possible to generate “Non-Thickness-Limited” (NTL) and pore free anodic films, with 
minimal injection of OH
-
 within the oxide[122]. Li and Young proposed that the NTL mechanism is 
associated with OH
-
 injection into the film and the presence of non-stoichiometric (oxygen 
deficient) regions due to the limited provision of oxygen [126]. Similarly, the formation of NTL 
anodic TiO2 mesosponges has been recently reported [127, 128], although the growth mechanism 
leading to NTL and the incorporation of organic based oxygen within the anodic film are to date not 
fully understood.  
In the majority of anodizing processes, including the growth of TiO2 NTs, complete oxidation is 
generally ensured by adding small amounts of water, or by ageing the electrolyte to allow the 
absorption of moisture from the environment. According to Raja et al. [129],  a minimum amount of 
water (0.18wt% in their study) is required to sustain the process of NT formation.   
By optimizing the anodization process, it has been possible to produce more ordered and longer 
NTs using organic electrolytes. In early investigations Ruan et al. [77]  used a fluorinated dimethyl 
sulfoxide (DMSO) and ethanol mixture electrolyte to form NTs that were 2.3µm. A breakthrough 
came with Macak et al. [78] reporting the growth of NTs in a viscous glycerol electrolyte (with 
0.5wt% NH4F) which were 7µm long, smooth and self-organized without ripples on their outer 
surface, typical of an aqueous process. Further optimization led to significant improvement in  NT 
length, to over 200µm in organic polar electrolytes (DMSO, formamide, ethylene glycol, and N-
methylformamide) with added fluoride ions and a water level below 5 vol. % to minimise chemical 
dissolution of the forming oxide [80-82], see Fig. 2c [82]. The use of ethylene glycol, with 0.3wt% 
NH4F and 2 vol. % water led to improved hexagonal close-packing and faster oxide growth rates 
compared to previous electrolytes [83], probably associated with a reduced hydroxyl injection into 
the anodic film. It is known that hydroxyl incorporation negatively affects ion transport through the 
oxide [126], whereas the incorporation of a small amount of hydroxyl ions and oxygen leads to sub-
stoichiometry (oxygen vacancies) of the oxide and enhances ionic transport through the barrier 
layer [130]. Accurate control of the anodizing parameters in an ethylene glycol/NH4F/water 
electrolyte allowed Paulose et al. [84] to prepare TiO2 NT arrays as self-standing membranes up to 
1000µm long. The size and viscosity of the cation of the fluorine salt employed also affected the 
growth rate and the length of the NTs. Larger and more viscous species such as quaternary 
ammonium cations were shown to enhance NT formation, possibly as a result of an inhibitory steric 
effect, maintaining the thickness of the barrier oxide at the tube base below a critical value, thus 
facilitating ionic migration [131].  
A further significant step towards hexagonal self-ordered TiO2 NTs was reported by Macak et al. 
[85] using an ethylene glycol/NH4F electrolyte containing residual water (0.1wt% + adsorbed 
moisture) and a two-step anodization approach, similar to AAO [12]. Ideal self-ordered structure 
are also achievable without repeating the anodization process, simply by tuning the anodization 
potential and the fluorine content below an upper limit which defines the boundaries between the 
self-ordering anodization and the electro-polishing regimes, Fig. 2d  [86]. In this case the transition 
from pores to tubes becomes evident with the TiO2 film initially growing as a self-organized porous 
structure and subsequently splitting into individual NTs due to the action of fluoride ions [86]. Shin 
and Lee [87] combined electro-polishing of Ti with a two-step anodization process and showed it 
was possible to produce nearly perfect hexagonally self-organized nanostructured TiO2,  more akin 
to a porous layer rather than typical NTs. It is worth pointing out that due to the limited dissolution 
in organic solutions, a porous layer covering the top (mouth) of the NTs is generally observed 
whenever anodizing undertaken in such conditions. This layer is the remnant of the oxide formed at 
the early stages of the anodization and the NTs develop underneath [96, 132]. Possible approaches 
to remove this upper porous layer, which can limit the performance of the NTs in photocatalysis 
and dye sensitized solar cells [133], are for example (i) short etching in dilute hydrofluoric acid 
solutions [134] and (ii) ultrasonic cleaning in alcohols [80]. 
The term 'nanograss' [62] or the formation of anodized nanowires [135] is associated with bending 
and collapse of the NTs leading to the appearance of spikes on the top of the NTs following 
extended anodization time and partial dissolution of the NT wall. Strategies to prevent the 
formation (or to remove) of the nanograss have been developed [136, 137]. In a recent report it has 
also been shown that the addition of lactic acid to the widely used NH4F/H2O/Ethylene Glycol 
electrolyte, allows the application of higher anodization potentials (120-150V) without inducing 
electrical breakdown, hence ordered NTs can be grown at an ultrafast rate (i.e. 15µm long layers 
grown in 45s) [138]. In this case, the chelating effect of the lactic acid is reducing the number of 
OH groups on the surface of TiO2. Such sites are known to be preferential electron injection sites 
when working at high potential (i.e. above 100V), eventually leading to electrical breakdown. By 
chelating the OH groups breakdown can therefore be inhibited; additionally since the chelating 
agent is adsorbed on the surface of TiO2 (in competition with F
-
 ions) it also reduces dissolution of 
Ti
4+
 ions by the F
-
 ions [138]. 
 
 
2.3 Factors affecting the growth of NTs   
It is now accepted that growth occurs exclusively at the pore base (i.e. at the metal/oxide interface), 
whereas oxide dissolution is uniformly distributed over the whole of the NTs, especially in aqueous 
media. Preferential paths for the electrolyte are possible in organic media and non-uniform 
dissolution of the oxide can occur. Electrolyte resistance and diffusion processes are generally not 
considered to be amongst the limiting factors for growth[139]. Clearly the balance between oxide 
growth and dissolution is important and can be altered by modifying the growth parameters. In 
addition to the nature of the electrolyte (aqueous or organic)  discussed in sections 2.1 and 2.2 there 
are several other key factors, such as pH, fluoride content, ageing of the electrolyte, anodizing 
potential and time, current density and temperature, that need to be taken into account when 
growing anodized TiO2 NTs. 
 
2.3.1 Electrolyte pH, fluoride concentration and ageing 
The pH of the anodizing solution affects the ability of the electrolyte to dissolve the forming oxide, 
with higher oxide dissolution rates occurring in an acidic environment, as shown in Fig. 3 [73]. This 
is one of the reasons why dissolution of the anodic oxide is at its lowest when fluoride salts are used 
rather than hydrofluoric acid. Similarly the concentration of fluoride ions has to be kept low to 
minimise dissolution, but it also has to be at a level sufficient to ensure NT growth. Typical F
-
 
concentrations leading to self-ordered NTs are in the range of 0.3 to 0.5wt.% [140-142] and clearly 
the fluoride content also affects the pH of the solution.  
Another factor to be taken into account, especially when considering growth in organic solutions, is 
the ‘ageing’ of the electrolyte [143] which helps to synthesize well defined NTs. It is generally 
observed that by reusing an organic electrolyte its electrical conductivity increases [66, 83, 144] as 
a result of (i) a higher TiF6
2-
 content built-up during previous anodization cycles and (ii) a higher 
water content, which eventually reaches saturation due to moisture adsorption. A higher TiF6
2-
 
concentration translates into a lower rate of chemical dissolution; hence it is important in 
establishing the condition required for maximizing oxide growth. Furthermore, the higher 
conductivity also enhances the growth rate of NTs, as it facilitates the passage of the current 
required to form the oxide; the effect is well explained in Fig. 4 [144]. The importance of ‘ageing’ 
the anodizing solution is clearly demonstrated by the study from Raja et al. [129], since in 
anhydrous media the NTs could be only be formed by allowing sufficient uptake of moisture by the 
electrolyte.  
 
2.3.2 Anodizing potential and current density 
As stated in section 2, the majority of experiments are performed under potentiostatic conditions, 
which involves the application of a constant potential and monitoring the anodization current. In 
contrast, galvanostatic growth has been less investigated; it appears to be more difficult to control 
the morphology of the anodic NTs under a galvanostatic regime [116]. The applied potential usually 
ranges from 5 to 30V and 10 to 60V in aqueous and organic electrolytes respectively [42, 145]. The 
applied potential determines the electric field strength across the oxide, thus affecting the migration 
of ions and ultimately the nanotube diameter. A linear relationship between the applied potential 
and the diameter of the NTs is generally observed up to 60V [146, 147], as shown in Fig. 5 [148]. A 
linear dependence relationship also exists between the thickness of the barrier layer at the base of 
the NTs and the applied potential [149]. However there are also exceptions to this rule. For 
example, in a recent work, Yin et al. [150] reported an inverse relationship between the potential 
and NTs diameter at potentials larger than 100V and attributed their findings to the diffusion of 
water being the rate limiting step under such conditions. Similar observations were also reported by 
Su and Zhou [151, 152], who found that the pore diameter of porous anodized nanostructures  drops 
when the applied potential exceeds a critical value (generally above 60V), which is determined by 
the electrolyte and has an influence on the dissociation of water (and on the current density) [113] 
and therefore on the porosity and the pore size of the anodic film. Clearly the anodizing potential 
and the modality by which it is applied (i.e. the potential may be established after sweeping or 
stepping up to a constant value, which is then maintained for the remainder of the anodizing 
process) have also an influence on the current density. For example, by applying a sweep (ramp) in 
the range of 100mV/s
-1
 to 1V/s
-1 
it is possible to obtain a higher current density and longer NTs than 
by using slower sweep rates [132]. An initial potential sweep also generates porosity in the oxide 
while the film is still at its minimum thickness (a few nm), hence sustaining the anodizing process 
[153], as will be discussed in detail in section 4.1.4. It is thought that there is a current threshold 
determining whether a pore being formed will survive and develop into a nanotubes or even cease 
to grow [132]. 
 
2.3.3 Anodizing time  
Identification of the optimal anodizing time for a given set of conditions (electrolyte, potential, 
fluorine concentration, etc.) is required to extend the maximum length of the NTs. When working in 
aqueous media, the conditions are far too aggressive to allow the NTs to grow any longer than a few 
µm [72-75]. Such a thickness is usually reached within minutes from the onset of the anodization 
process, however the anodizing time usually ranges from 30mins to 2hrs in order to allow the 
structure to rearrange itself and increase the degree of self-order.  
In contrast, the growth process in organic electrolytes is much slower and dissolution phenomena 
are not as significant as in water, although conditions still need to be tuned for optimal growth. As a 
result, by extending the anodization time from several hrs up to a day, it is generally possible to 
obtain NTs over 100µm long [84]. One of the issues associated with employing long anodizing 
times in an organic electrolyte is over-dissolution of the NTs in some areas. As discussed, when 
using an organic solution it is common to observe a porous layer on top of the NTs, which is a 
remnant of the initial barrier layer formed during the early stages of anodization [80, 136]. The 
nanotubular layer develops underneath and it is assumed that there are preferential paths for the 
organic electrolyte, hence over-dissolution is not homogenous over the entire NT structure [148]. 
 
2.3.4 Temperature 
The temperature of the electrolyte affects the dissolution rate of the NTs which are normally grown 
at 20-25ºC (room temperature). Studies performed at low temperature (2ºC) using aqueous solutions 
suggest the growth of the NTs is inhibited at lower temperatures [154], whereas in organic 
electrolytes the temperature range most favourable for the growth of NTs is between 0 and 40ºC 
[79]. It has also been shown that while in aqueous media the diameter on the NTs does not depend 
on the anodizing temperature, when using an organic electrolyte the diameter of the NTs is larger at 
a higher anodizing temperature since at a low temperature leads to higher viscosity and reduces 
both ion migration and especially the dissolution of TiO2 and Ti by F
-
 ions) [155]. 
 
Having considered the factors influencing the growth of the NTs, the next section of the review 
discusses the mechanistic regimes associated with the anodization process. 
 
 
 
3. Mechanistic regimes associated with anodization   
 
3.1 High-field regime  
The anodic growth of barrier type TiO2 is largely based on a modified version of the high-field 
regime [40], which applies to a variety of anodic oxides. The main assumptions of this theory are: 
 
i. ions have specific mobility within the anodic layer under the action of the electric field and 
the oxide can grow both at the metal/oxide and oxide/electrolyte interfaces [156]. Such a 
condition is not satisfied for porous/tubular films, which are largely growing at the 
metal/oxide interface only. 
ii. the conductivity of the oxide films has an ionic ( anionsJ  , cationsJ ) and an electronic ( electronsJ ) 
component, hence the current density ( J ) across the oxide is electronscationsanions JJJJ   
iii. The “rate-determining step” depends on the movement of ions within the oxide. The current 
density ( J ) is given by the following expression: )exp(0 EJJ   where 0J  and   are 
parameters dependent on temperature and the nature of the metal and E  is the electric field 
strength in the oxide (10
6
-10
7
V/cm).  
iv. The electric field strength ( E ) is calculated from the potential drop across the oxide and the 
layer thickness d and is given by dUUdUE /)(/ 0 , where U  is the potential at the 
electrode and 0U  is the flat band potential. 
 
The high-field regime can also be applied to porous/tubular anodic layers, such as AAO and TiO2 
NTs, However, several considerations need to be taken into account to explain experimental 
observations and these are now discussed. 
 
3.2 Flow mechanism or field-assisted dissolution? 
 
3.2.1 The case of self-organized Anodized Aluminium Oxide (AAO) 
It is useful to consider the case of self-organized AAO [35] to understand how the general view of 
the formation of anodized porous/tubular structures has changed in recent years. It had been 
accepted for decades that the development of pores in AAO is based on a field-assisted dissolution 
process [157, 158]: after the initiation of the pores, the development of the porous anodic layer is 
ensured by the balance between the formation of a barrier layer oxide at both the metal-oxide and 
oxide electrolyte interfaces and field-enhanced dissolution at the base of pores, where the electric 
field is high. Recently, an alternative “field-assisted flow” mechanism has been proposed for AAO 
by Skeldon et. al [159] and Garcia-Vergara et al. [160] who conducted experiments with W tracers 
inserted within an Al substrate demonstrating that the development of pores in alumina is driven by 
oxide displacement from the barrier layer towards the pore walls. During growth, the oxide 
experiences a stress due to electrostriction [161] and volume expansion [119-121] and this induces a 
displacement of the oxide (which exhibits a certain plasticity) involving ionic transport under the 
high electric field to relieve the stress [162-164]. The fact that the anodic film can undergo 
significant “plastic” deformation is also supported by the expansion of gas bubbles generated at the 
metal-oxide interface and trapped within the anodic alumina [165, 166]. Furthermore by anodizing 
a layer of Al on a layer of W results in fingers of tungsten rich oxide penetrating into the alumina 
layer without any cracking [167]. Oxygen bubbles within the film are an obstacle to ionic transport 
and this leads to non-uniformity of film thickness and interfacial roughness [168]. The flow or 
deformation mechanism accounts for the anomalous thickness of the porous alumina anodic films 
(exceeding an hypothetical 100% growth efficiency) and suggests that the porosity developed is 
essentially of mechanical origin [119-121] and initiated by instability within the anodic film which 
occurs when the oxide cannot be formed at the film/electrolyte interface [162].  
When using  an electrolyte with O
18
 tracers to form a barrier oxide layer and subsequently 
anodizing the specimen using a “pore forming” electrolyte without tracers (i.e. no O18) it was shown 
that no loss of O
18
 was registered during the growth of the porous film, an observation which was 
initially interpreted as an oxide decomposition at the pore base followed by subsequent 
reincorporation in the anodic structure [169].  
However, during the growth of barrier type alumina, the oxygen sublattice is reported to be 
stationary whilst metallic ions are transported through it (i.e. movement of oxygen ions conserve 
ionic order) [170]. Hence, by forming an initial barrier layer oxide enriched in O
18
 and then re-
anodizing the specimen with an electrolyte without an O
18
 tracer (i.e. so that a new barrier layer is 
formed), the O
18
 from the first treatment is found to be adjacent to the metal, Fig. 6a. In contrast 
when the second anodization (without O
18
)
 
forms a porous layer, the O
18
 enriched barrier layer from 
the first step is  situated at the surface of the anodic layer, Fig. 6b [159].  
The condition for pore initiation in anodic alumina is satisfied when no oxide is formed at the 
oxide/electrolyte interface, which implies a field-assisted ejection of Al
3+
 ions into the electrolyte 
[171]. Considering the low chemical dissolution of Al2O3 in electrolytes commonly used to produce 
porosity, the Al
3+
 ions found in the anodizing solution are mostly due to field-assisted ejection; a 
crucial condition for porosity development because any material forming at the film/electrolyte 
interface would effectively heal any forming pores [172]. Viscous flow in the AAO system has been 
modelled recently and validated against experimental observations [173], posing a challenge to the 
widely accepted field-assisted dissolution theory [157].  
 
3.2.2 The case of self-organized anodized titanium dioxide (TiO2) NTs  
Can a similar plastic flow mechanism be also applied to anodized TiO2 NTs? This has been the 
driving force behind the tracer study work on a Ti-W alloy by LeClere et al. [174]. It is worth 
noting that whenever there are conditions which prevent loss of film species into the electrolyte (i.e. 
formation of a barrier layer oxide), the relative thickness of material which grows at both the 
metal/oxide and oxide/electrolyte interfaces is largely determined by the anion and cation transport 
numbers, which are 0.4 and 0.6 respectively in the case of amorphous barrier layers of TiO2 and 
Al2O3 [156, 175, 176]. The conclusion from LeClere et al. [174] is that the generation of major 
pores (tubes) can be ascribed to either a field-assisted flow of film material, with constant 
displacement of oxide from the barrier layer to the pore walls or to field-assisted dissolution with 
growth and ionic transport primarily driven by anion migration (i.e. a reduced cation transport 
number is  assumed). A similarity between TiO2 NTs [174] and a previous study on AAO [159] that 
supports the flow model is the abnormally large thickness of the oxide that cannot be fully 
explained  by field-assisted dissolution or by the ejection of cations into the electrolyte, which 
undoubtedly also contributes to release the build-up inner stress due to volume expansion during the 
anodic growth [71].  
Berger et al. established how the anodic oxide and the porosity evolved for NTs grown in an 
organic electrolyte and monitored the expansion of the oxide film [177, 178]. They describe how: 
 
(i) the film initially evolves as a barrier layer with a volume expansion of 2.4, known as the Pilling-
Bedworth Ratio (PBR) [179], in agreement with the value of 2.43 reported for barrier type anodic 
titania [180],  
(ii) at the point of pore initiation the volume expansion decreases to 1.7-1.9,  
(iii) the volume expansion then increases to 2.7-3.1 during the development of the nanotubular 
network. 
 
A comprehensive work recently published by Albu et al. [181] demonstrates how the expansion 
factor ( EXPF ) of TiO2 NTs is affected by the anodization parameters, particularly the water content 
in the electrolyte, Fig. 7a, and applied potential, Fig. 7b. An expansion factor ranging from 1.3 to 
2.8 was observed [181] and at higher water contents  there was a decrease in  EXPF  due to the higher 
dissolution of Ti and TiO2 and lower growth efficiency. At lower water content  EXPF  increases due 
to a higher incorporation of impurities as dissolution is at its minimum, leading to higher growth 
efficiency. A lower water content and higher applied potential are also likely to induce more defects 
in the anodic film, leading to a higher EXPF , as the oxide grows at a faster rate under those 
conditions. Again, such observations cannot solely be explained by a field-assisted dissolution 
model, whereas they are consistent with the plastic flow model [177]. In contrast, Yang and co-
workers [182] reported a volume expansion of 1.0 (i.e. no expansion) in an aqueous electrolyte and 
1.8 in glycerol, which would also be compatible with a field-assisted dissolution mechanism. It may 
be possible that in the case of TiO2 NTs, the plastic flow model and chemical and field-assisted 
dissolution at the base of the tubes are both active mechanisms.  
Le Clere et al. [174]  postulated the need for a reduced cation transport number to explain field 
assisted dissolution requiring growth and ionic transportation driven by anion migration. A reduced 
cation transport number for Ti
4+
 ions in the presence of F
-
 may derive from the high affinity 
between these two elements which form stable complexes, such as [TiF6]
2-
. These are indeed found 
throughout the anodic film, as discussed in section 4.3.1. Habazaki et al. [183] report that the rate of 
F
-
 migration through the TiO2 anodic film is twice that of O
2-
 ions and a fluoride rich metal oxide 
interface therefore exists beneath the oxide film. This fluoride rich layer [183] is thought to be 
occasionally causing the detachment of the anodic TiO2 film from the substrate, in a similar manner 
to anodic tantalum oxide [184, 185]. Detachment of sections of the TiO2 NTs anodic film have been 
reported in both aqueous [116] and organic electrolytes [80, 145]. Apart from the enriched 
interface, the concentration of fluoride ions has generally been reported to be uniform in the anodic 
film [183, 186], although Sun et al. [187] suggest the presence of a gradient between the pore mouth 
(13% at.) and the base (8% at.), due to a potential drop occurring at the anode, especially for NTs 
grown in organic media. Another important point regarding the flow mechanism is its ability to 
account for the restricted thickness of the fluoride rich layer; if the oxide does not flow upwards to 
the tube mouth the fluoride rich layer would thicken with time. This mechanism allows 
incorporation of anions into the oxide with lower transportation numbers (i.e. which are moving 
slower under the applied electric field and hence are near the oxide/electrolyte interface and would 
be constantly re-dissolved in the electrolyte if the mechanism would be solely based on field-
assisted dissolution) [174].  
As an alternative model, an equi-field mechanism is proposed by Su and Zhou [151, 152, 188, 189] 
with the growth of the porous/tubular oxide occurring not only at the pore/tube base (i.e. 
downwards, such as in the field-assisted dissolution and plastic flow models), but also on the 
pore/tube wall (i.e. sideways), with the tube diameter increasing until it makes contact with adjacent 
pore/tube near neighbours. 
 
 
4. Key considerations to understand the growth mechanism 
In this section the key variables necessary to develop an understanding of the growth mechanism 
are considered. In addition to the use of tracers and the measurement of the volume expansion 
associated with the anodizing process (section 3.2), important information on the growth 
mechanism leading to the formation of TiO2 NTs can be extracted from (i)  an analysis of the 
current-time transients and (ii) chemical analysis of the anodic film. These analyses can help define 
the chemistry and the efficiency of the process.  
 
4.1 Current-time transient analysis 
The current-time transient allows the different stages of anodic film growth to be monitored. For 
barrier layer type oxides [35] the current density simply decays as the anodic layer thickens, 
however, for a porous oxide layer three different stages (I, II, III) can be identified as described in 
Fig. 8a [153] and 8b [145] which illustrate the transients observed for TiO2 NTs grown in aqueous 
and organic based electrolytes respectively.         
4.1.1 Stage (I) 
At stage I the anodizing process begins (i.e. a potential is applied) and the current quickly decreases 
to a minimum value due to the formation of a high resistance oxide barrier layer, which grows up to 
50nm thick at 20-25V [132]. In order to maintain the oxidation process, ions (O
2-
, OH
-
, Ti
4+
, F
-
) 
must move through the high resistance barrier layer and at this stage porosity is induced by the 
presence of F
-
. A discussion on whether the action of fluorine ions is purely chemical (i.e. 
dissolution of the oxide) or more complex is provided in section 4.2.  Despite the induced porosity, 
the current falls to a minimum because the process is still dominated by the electrical resistance of 
the barrier oxide. 
 
4.1.2 Stage (II) 
The current subsequently rises to a maximum (stage II) as pore nucleation progresses. This is due to 
a decrease in the resistance of the anodic film as more paths are available for ionic species in the 
electrolyte. From a flow model perspective, this stage represents the transition from a relatively thin 
anodic film where upward displacement of the oxide does not occur (i.e. limited mechanical stress) 
to the beginning of the formation of a porous/tubular structure were the visco-plastic oxide is 
continually being pushed upwards to minimise stress at the metal/metal oxide interface.  
 
4.1.3 Stage (III) 
Finally the current attains a constant value or drops (stage III) when a steady state is reached during 
the formation of TiO2 NTs. The classical interpretation of stage III, based on the field-assisted 
oxidation and dissolution model would be that the steady state is reached because the rate of oxide 
formation at the metal/oxide interface and the rate of dissolution at the oxide/electrolyte interface 
are equal, Fig. 9a [134]. Hence the NT walls can thicken further by effectively “eating away” the 
metallic substrate with fluoride ions partially dissolving the oxide, preferentially at the base of 
pores/tubes where the electric field is stronger. Eventually the process becomes dependent on 
diffusional effects [42, 78], i.e. the viscosity and temperature of the electrolyte as well as 
mechanical stirring of the solution [118]. However, in the authors opinion, recent findings [159, 
160, 174, 177, 178] (see comprehensive discussion in sections 3.2.1 and 3.2.2) supporting the flow 
model mechanism should not be ignored and it is fair to assume that the growth of the NTs is also 
“flow assisted”, with newly formed oxide being pushed up the wall, as schematically shown in Fig. 
9b [27]. This flow plays a part in ensuring that the thickness of the barrier layer at the base of the 
NTs does not exceed a critical value which would prevent ionic conduction and ends the 
anodization process. The flow assisted interpretation of stage III is compatible with the continuous 
growth of the NTs over time, considering that in organic media the maximum thickness is reached 
after several hours of anodization. It is likely that considering the significant level of dissolution in 
aqueous media, the main process occurring at stage III (constant NT thickness over time) is field-
assisted dissolution.  
 
4.1.4 The importance of thinning the thickness of the barrier layer  
It is important to sustain the growth of the NTs by ensuring sufficient ionic migration and 
generation of cavities in the anodic film from the very early stages of growth. It has been found that 
the larger structured cations (such as quaternary ammonium ions) allow the growth of thicker NTs 
layers, as well as increasing their rate of formation. This is attributed to the inhibitory effect that 
restricts the thickness of the interfacial (barrier) oxide layer, enhancing ionic conduction [131]. 
Similar inhibitory behaviour is observed for ammonium salts in aqueous electrochemical systems 
due to cation induced structural modification of the solvent [190]. It is also suggested that the high 
growth rate, up to 15µm/min. [66] observed in certain organic electrolytes, formamide, ethylene 
glycol, N-methylformamide [80, 81, 83, 131] is due to their high degree of structural organization  
(i.e. they interact with Ti at the oxide surface). This minimises the injection of hydroxyl ions into 
the anodic film, effectively introducing non-stoichiometry within the oxide and increasing the ionic 
conductivity of the barrier layer [130]. Furthermore, Yoriya et al. [191] investigated the effect of 
ohmic resistance of the electrolyte, demonstrating that high conductivity solutions improve Ti
4+
 
extraction from the metal [131] facilitating ionic transport and the growth of NTs.  Improved Ti
4+ 
extraction can also be achieved by using an electrolyte with a high dielectric constant, such as 
formamide or N-methylformamide [66]. A potential ramp prior to reaching a constant potential can 
also be used to facilitate the formation of pores while the barrier layer that is being formed is still at 
a minimum thickness, effectively extending stage II of the current transient and thus extending the 
NTs length from 0.8 to 1.5µm in aqueous media [153].  
The next section of the review provides further details on the state of the art of the research aimed at 
understanding the pore initiation stage leading to the formation of anodized TiO2 NTs.  
 
4.2 Pore initiation 
It is important to establish how porosity is initiated in the film to help understand whether such step 
is related to chemical dissolution of the oxide or if other factors play a role. For example, in the case 
of Al2O3, Al
3+  
ions in the solution are mainly due to field-assisted ejection into the electrolyte rather 
than due to chemical dissolution of the oxide (i.e. chemical dissolution is very low in the 
electrolytes used) and pore initiation is possible when no oxide is formed at the oxide/electrolyte 
interface [171, 172]. At the early stages of the process a morphological instability develops on the 
oxide surface, with the appearance of gentle or more pronounced undulations of the film, which 
eventually leads to self-assembly of the anodic structure [192]. Depending on the applied potential, 
these perturbations effectively initiate the formation of pores as in Fig. 10a-d [37]. It is clear that 
the undulations are influenced by the metallic substrate underneath, but their origin is still a 
controversial issue. It has been proposed that the instability is triggered by compositional changes in 
the oxide and the electrolyte at the interface region [193, 194], with fluoride ions enhancing those 
changes as they form complexes with the metal cations. Some studies suggest the appearance of 
such an instability (i.e. pore initiation) occurs only after a critical thickness of a few nm is reached 
[36], others suggest that instability in the film begins immediately [38]. In the case of TiO2 it is 
important to make a distinction between aqueous and organic electrolytes. In an aqueous 
environment, the pore initiation stage can be attributed to both field-assisted ejection of Ti
4+
 ions 
into the electrolyte [27] and chemical dissolution of the oxide due to the presence of fluoride ions 
readily forming cavities within the oxide. In fact, according to our studies in water based 
electrolytes [114], it appears that pores and cavities are immediately formed once a potential is 
applied to the cell. However it is interesting to understand how the pore initiation stage occurs when 
the chemical dissolution is at a minimum, which is the case for organic electrolytes with only small 
amounts of fluoride ions (0.25-0.5wt%)  and water  (1-2wt%) present. A comprehensive 
contribution to the topic has recently been given by Hebert et al. [38] showing that the 
morphological instability leading to pore initiation and self-order are satisfied only for a narrow 
range of oxide formation efficiencies (from 0.5 to 0.58 for TiO2). The efficiency is determined by 
the fraction of oxidized metal retained in the anodic film; hence the relationship between the 
conditions for pore initiation and electrochemical dissolution (i.e. Ti ions ejected into the electrolyte 
at the oxide/electrolyte interface) can be established quantitatively. In their model [38] the plastic 
flow and the stress associated with volume expansion [195] are not significant at the pore initiation 
stage and chemical dissolution from the pore walls is also shown to be negligible. Recent 
experimental work on TiO2 NTs by Albu et al. [196] is in good agreement with the model proposed 
by Hebert.  However other models have also been recently put forward. Stancheva et al. [197] 
propose that pore initiation is prompted by a perturbation at the film/electrolyte interface, caused by 
the presence of zones in the forming film where growth and chemical dissolution occurs and zones 
where there is electrochemical dissolution (i.e. cation ejection). A similar interpretation [198] for 
the pore initiation and the self-organization of anodic porous/tubular oxides considers the corrosion 
at the  metal/oxide interface (i.e. oxygen ions interacting with metal ions) coupled with Ti and TiO2 
dissolution at the oxide/solution interface). When referring to organic electrolytes it can be 
concluded that Ti ejection into the electrolyte is essential to initiate porosity; however it remains to 
be established whether the chemical of field assisted dissolution (by F
-
 ions) of newly formed 
anodic TiO2 also plays a role. 
The following section describes the chemical composition of the NTs in order to understand the 
underlying chemistry of NTs formation. 
 
 
4.3 Chemical composition of the NTs  
X-ray Photoelectron Spectroscopy (XPS) is one of the most commonly used techniques to reveal 
the chemical composition of the NTs and represents a powerful tool to understand the composition 
of the structure and the chemistry behind the anodizing process. 
 
4.3.1 XPS analysis of the NTs  
The chemical composition of the oxide and the incorporation of electrolyte species within the 
anodic film has been intensively studied in the case of barrier layers [199] and nanoporous Al2O3, 
both in aqueous [200] and organic media [201]. A higher degree of contamination (dependent on 
electrolyte, electric field, film growth efficiency, charge and concentration of the species) is 
associated with porous films whereas in barrier layers the incorporation of species from the 
electrolyte is generally lower [35]. Thompson and Wood [200] reported that porous alumina 
consisted of an outer layer (i.e. the layer furthest away from the metal) of pure alumina and an inner 
layer (i.e. the layer closer to the metal) contaminated by electrolyte species, as schematically shown 
in Fig. 11, the relative thickness of the two being dependent on the electrolyte.  The subject of 
anodic TiO2 NTs is a rather new field of research compared with porous alumina and electrolyte 
contamination has yet to be investigated as intensively. Nevertheless useful information is available 
in the literature [32, 42, 66, 77]. The main contaminants in the anodic NTs are generally fluoride 
ions and carbon. As an example, using Rutherford backscattering spectroscopy and nuclear reaction 
analysis, Valota et al. [117] have determined a film composition of TiO2.0.15TiF4.0.09(C3H8O3) in 
a glycerol electrolyte containing fluoride. In a similar way  to the barrier layer type titania [202], 
sulphate and phosphate ions have also been reported to be present to a few atomic % within the NTs 
[62]. 
 
Ti and F XPS peaks 
Peaks obtained from XPS analysis of anodized TiO2 NTs [134] are shown in Fig. 12a-d, with the 
typical signal of titanium dioxide at 459.1eV and 464.8eV, Fig. 12a, due to Ti 2p (3/2) and Ti 2p 
(1/2) respectively. A shoulder on the peak at 459.1eV is due to the highly electronegative 
hexafluorotitanate complex [TiF6]
2- 
in the anodic film and it is also confirmed by the fluorine (F 1s) 
peak at 684.9eV, Fig. 12b,  which is characteristic of [TiF6]
2-
 [203]. In contrast “free” fluoride ions 
give rise to a characteristic signal at a slightly lower energy (683-684eV) [204]. Clearly fluoride 
ions from the electrolyte are incorporated in the anodic film; the as-prepared film contains an 
amount of fluorine of the order of 4at% in aqueous media and 8at% in organic media. Furthermore 
it is well established that fluorine content can be sensibly reduced (i.e. to 1.0 - 0.3at%) by annealing 
at 300-400°C [32].  
 
O peak 
Important information on the chemical composition of the anodic film are also provided by the 
depth profiling (etching time of 180s) of the oxygen O 1s peak at 530.4eV, reported in Fig. 12c and 
Fig. 12d for aqueous and organic electrolytes respectively. Such a peak is indeed characteristic of 
Ti and O in TiO2 [205, 206]. The O 1s peak prior to any etching of the surface, are shown in the 
inset in Fig. 12c for aqueous media and Fig. 12d for organic electrolyte. Clearly, before etching 
(Fig. 12c inset) along with the O 1s at 530.6eV typical for TiO2 ( OXIDEO ), there are two additional 
components (interpreted using a Shirley background [207]) attributed to the hydration of the oxide 
( ORGANICOHO / ) at 531.4-531-6eV[208] and organic species at 533-534eV ( ORGANICO ) absorbed within 
the anodic film. It is generally not possible to completely separate these contributions, however, by 
etching away a few atomic layers it can be seen that the ORGANICO  component is effectively 
eliminated and represents predominately a surface contamination. In the case of water based 
electrolytes, organic species are either adsorbed from the atmosphere (or post-cleaning treatment 
using organic solvents) and 10-20at% contamination is common for TiO2 surfaces [209]. 
Furthermore, when using an organic solution, the carbon uptake is increased due to chemi-
adsorption of electrolytes species which strongly bond to the oxide and do not migrate within the 
anodic film [134]. Again, the carbon content is greatly reduced by annealing the structure at 400°C.  
By comparing the depth profiling peaks of F 1s and O1s, Fig. 13a-b [134, 148], it is clear that 
whereas carbon contaminants are mainly incorporated on the surface and are etched away with 
time, the fluorine is incorporated into the film and the fluorine concentration remains constant with 
surface etching. This is made evident by the disappearance of the C shoulder and an increase in the 
O1s signal as etching time increases, Fig. 13b. The fluorine concentration, Fig. 13a, does not seem 
to diminish within the anodic film.  
The presence of a carbon rich layer as a double-walled structure on the NTs, where the inner wall is 
carbon rich, has been observed in ethylene glycol/HF electrolytes [92] and has been associated with 
an electric field induced decomposition of the electrolyte[210].  
Although fluorine is present throughout the entire film (Fig. 13a), it is well known from 
transmission electron microscopy (TEM) analysis that it is not homogeneously distributed on the 
nanoscale [33]. Some interesting findings indicate that fluoride ions migrate at twice the rate of 
oxygen ions [183] and as a consequence a fluoride rich layer is present at the metal/oxide interface 
[92]. In a recent publication, Berger et al. [211] provide convincing High Resolution Scanning 
Auger Electron Spectroscopy (AES) evidence for the presence of a fluoride rich layer between the 
NT walls (i.e. at triple points of the hexagonally structured array), which is useful to elucidate the 
growth mechanism, as will be discussed in section 5.  
 
 
4.4 Chemistry of the anodizing process 
The current-time transient and the X-ray Photospectroscopy studies (XPS) allow development of a 
chemical model for the growth process. The following discussion applies to both aqueous and 
organic based electrolytes, considering that it has been shown that the presence of water is 
necessary for the anodic process and formation of the nanotubes [129]. When operating in aqueous 
media, it is well established that the outer (i.e. exposed to the electrolyte) anodic layer has an excess 
of hydroxyl ions compared to the inner layer, as confirmed by XPS studies [32, 132]. This hydrated 
layer is considered to be Ti(OH)4 whereas the de-hydroxylated inner layer of the film (water 
release) is represented as TiO2. In reality, there is likely to be a concentration gradient across the 
film, which can be written as OxHTiO 22  , to represent the inner (anhydrous) and outer (hydrated) 
anodic oxide. The degree of hydration and the hydration gradient across the film are also influenced 
by the potential sweep rate applied during the anodization, being larger for faster sweep rates 
because under such conditions more water is incorporated in the anodic film and the subsequent 
dehydration process cannot catch up with the continuous formation of hydrated oxide [212].  
It is likely that the anodic oxide is also hydrated when grown in organic electrolytes [148]. The 
reactions occurring at the anode are oxidation of the metal, which releases Ti
4+
 ions and electrons 
(Eqn. 1): 
 
  eTiTi 44  (Equation 1) 
 
together with recombination of Ti
4+
 ions with OH
-
 and O
2-
 species provided by the water. The 
dissociation of water is also field-assisted (i.e. the high electric field facilitates the heterolytic 
scission of water molecules) [113]. This results in the formation of hydrated oxide, which occurs 
over several steps and it is summarized for simplicity as a single process in (Eqn. 2), and in the 
formation of the oxide (Eqn. 2b). Further oxide is subsequently produced when the hydrated anodic 
layer releases water by a condensation reaction (Eqn. 3): 
 
4
4 )(4 OHTiOHTi    (Equation 2) 
2
24 2 TiOOTi 
  (Equation 2b) 
OHTiOOHTi 224 2)(   (Equation 3) 
 
These reactions (Eqn.s 1-3) represent the possible field-assisted oxidation processes, since the 
applied potential controls the rate of ion migration within the metal/metal oxide interface. At the 
cathode, there is hydrogen evolution, (Eqn. 4): 
 
2244 HeH 
  (Equation 4) 
 
On summing the reactions above (Eqn.s 1-4), the overall process of oxide formation is represented 
as: 
 
222 22 HTiOOHTi   (Equation 5) 
 
In addition, the fluoride ions present in the electrolyte can chemically dissolve both the hydrated 
layer and the oxide (Eqn.s 6-7), or react with Ti
4+
 (Eqn. 8), the ions being mobile in the anodic layer 
under the applied electric field [40]. It may also be possible that the combined action of fluoride 
ions (chemical dissolution) and the electric field weakens the bond between adjacent Ti and O 
(field-assisted dissolution). Certainly, the presence of fluoride ions in the electrolyte leads to the 
formation of fluoro-complexes. The most stable is TiF6
2-, which has a large negative Gibb’s free 
energy of formation ( molkJG /4.21180298  ) [213]. For comparison, the Gibb’s free energy of 
formation TiO2 is molkJG /3.821
0
298  [213]. The formation of fluoro-complexes is also aided 
by the applied potential, which drives fluoride ions (F
-
) toward the metal along with Ti
4+
 toward the 
electrolyte. These processes are best described by the following chemical equations: 
 
OHTiFHFTiO 2
2
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  (Equation 6) 
  OHTiFFOHTi 46)( 264  (Equation 7) 
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It is believed the competition between the formation of the oxide (Eqn.s 2-3) and its dissolution 
(Eqn.s 6-8), is a key factor in determining the anodic titanium oxide structure produced. An aspect 
which has been largely overlooked is the evolution of oxygen at the anode (Eqn.s 9), a side reaction 
which occurs during anodization of titanium [41, 214] and that may be a  factor affecting the 
morphology of the anodic layer, as discussed later. 
 
  HeOOH 442 22  (Equation 9) 
 
Oxygen evolution is generally more significant in aqueous media [114, 115], nevertheless it has 
also been observed in organic media containing relatively small amounts (up to 5vol.%) of water 
and is among the processes which affect the growth efficiency of the NTs, the topic of the next 
section. 
4.5 Film growth efficiency 
The growth efficiency, defined as the fraction of oxidized metal atoms retained in the anodic film,  
can be determined from the ratio between the Ti loss to the electrolyte and the total Ti consumed 
during anodization [38]. The growth efficiency can also be calculated using the total charge passed 
over a certain anodizing time, t . Assuming that all the anodization charge at a time t  is used to 
form the anodic structure, it is possible to define an ideal thickness, .idT   whereas the true 
experimental thickness, realT , can be measured using scanning electron microscopy (SEM) analysis.  
From Faraday’s law: 
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where .idT  is expressed in nm, Q  is the electric charge (A
 
sec), wM the molecular weight of TiO2 
(79.9 g mol
-1
), A is the surface area (cm
2
), e is the charge on an electron (1.602
.
10
-19
 A
 
sec), n is the 
number of electrons involved per Ti atom (4, assuming complete oxidation), c  is the number of Ti 
atom per TiO2 molecule (1), AN  is Avogadro’s constant (mol
-1
) and   is the density of amorphous 
TiO2 (3.1g cm
-3
). The ratio realT / .idT  provides a measure of the growth efficiency ( NTs ) of the 
process. However, if it is assumed that the growth mechanism occurs mainly by the 'plastic flow' 
mechanism rather than field-assisted dissolution, the porosity of the film, P , should be taken into 
account since .idT is calculated for a non-porous film (i.e. for a set of given conditions a porous film 
is thicker than a non-porous one). For a 'plastic flow' model the effect of dissolution is considered 
secondary in the formation of porosity since NTs are generated in response to a mechanical stress 
induced by volume expansion and electrostriction. Experimental evidence has shown that the NTs 
grow much larger than expected for a purely field-assisted dissolution mechanism, with an 
expansion factor (as a result of the metal converting into an oxide) up to 3, whereas the expansion 
factor (Pilling-Bedworth ratio) of amorphous TiO2 is ~2.43 [27]. The revised efficiency taking 
account of the presence of porosity is therefore given by: 
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For TiO2 NTs the growth processes of field-assisted and chemical dissolution of the oxide and field-
assisted ejection of Ti ions into the electrolyte will lower the growth efficiency. Furthermore the 
growth efficiency can be affected by oxygen evolution at the anode, which is typical in the case of 
anodic TiO2 [215-217]. Indeed the generation of oxygen bubbles at the anode has been reported for 
fluoride containing water and organic based electrolytes (containing small amount of water, i.e. 
2vol.%) during the formation of TiO2 NTs and have also been suggested to play a role in the 
formation of the nanotubular structure [76, 114, 145, 218]. In an aqueous electrolyte the significant 
evolution of oxygen affects the formation of the NTs, which are best described as being formed by a 
stack of oxide rings [76, 114]. However, in organic media oxygen evolution may or may not occur 
depending on the amount of water contained in the electrolyte, as well as on the applied potential. 
In the authors opinion, whenever it occurs,  oxygen evolution affects the morphology of the NTs 
and is responsible for the appearance of oxide rings and ribs on the wall of the NTs, which 
otherwise grow smooth [148].  
It has been found that potentiostatic conditions lead to higher efficiency than galvanostatic 
conditions, with Valota et al. [117] reporting efficiencies of ~48% at constant potential and <40% at 
constant current density (over the range 0.1-0.5 mA
.
cm
2
) when anodizing in a fluoride containing 
glycerol based electrolyte (it is assumed that the water content was kept to a minimum, i.e. 1-2 vol. 
%). Efficiencies as high as ~90% were instead reported by Macak et al. [141] for a fluoride 
containing glycerol electrolyte with 50 vol. % of added water. According to these reports oxygen 
evolution can be ignored [117, 141]. No significant improvement were observed by increasing the 
electrolyte temperature from 20 to 40°C [79]. Interestingly, in another study conducted with a 
similar electrolyte (fluoride containing and glycerol based), Valota et al. [219] report oxygen 
evolution to affect the NTs growth efficiency whenever the water content is above 10 vol. %.  
Furthermore, Berger et al. [220], who used a fluoride containing ethylene glycol electrolyte, report 
oxygen evolution as a side reaction and a reduced growth efficiency for a water content above 2.5 
vol. %, with a maximum efficiency (25%) observed for a water content of 1 vol. % and a minimum 
(10%) for water content of 25 vol. %. We reached similar conclusions using a glycerol electrolyte 
containing 2wt% of water, with efficiency dropping from 70% to ~50% and finally 14% on 
increasing the applied potential from 10V (no oxygen bubbles) to 20-40V (oxygen bubbles 
observed) [148]. Similar efficiencies (50-60%) have also been reported in ethylene glycol 
containing 1.5 to 5wt% of water [38]. Efficiencies are lower in aqueous based media, in the range 3-
10%, especially for acidic solutions [42]; this is to be expected considering that in water based 
electrolytes both dissolution and oxygen evolution phenomena are enhanced.  
 
 
5. Formation of anodized TiO2 NTs: mechanistic aspects 
This section reviews the state-of-the-art of mechanistic aspects related to the formation of anodized 
TiO2 NTs. Among the topics to be considered are: 
 
(i) the transition from pores to NTs, 
(ii) the role of oxygen bubbles generated at the anode during the formation of TiO2 NTs, 
(iii) the factors determining whether the NTs are smooth or ribbed. 
 
5.1 Transition from pores to tubes 
An aspect requiring clarification regarding the growth of anodized TiO2 NTs is why the structure 
develops as a nanotubular structure rather than nanoporous, as in the well-known case of AAO.  We 
discuss recent findings suggesting that the situation between TiO2 NTs and AAO is not so different. 
As pointed out by Roy et al. [27], the distinction between nanopores and nanotubes is 
mechanistically not justified (i.e. both are the result of a flow assisted anodic process), however it is 
interesting to try to understand when and why the pores to NTs transition occurs. In the authors 
view it is also necessary to stress that according to the currently available data, the structure varies 
depending on whether an aqueous or an organic electrolyte is used. 
 
5.1.1 No transition observed in aqueous media 
 In aqueous electrolytes chemical dissolution due to fluoride ions is significant and assuming the 
existence of a minimum potential  to sustain the anodizing process (>5V) [16, 72], a transition from 
pores to tubes does not occur. The freshly formed structure already has a nanotubular  morphology 
and the presence of oxide rings, the building blocks of the NTs (stack of oxide rings), is evident 
from the very early stages of the process [76, 114], as also reported in Fig. 14a-b. 
 
5.1.2 Transition observed in organic media 
A different process occurs when anodizing in organic electrolytes, to which are usually added small 
amounts of water to ensure sufficient provision of oxygen for the anodic process. For fluoride 
containing organic electrolytes, whenever the anodization is performed outside a dry glove box, the 
formation of TiO2 NTs take place; in contrast nanoporous TiO2 is obtained under a controlled 
atmosphere [221].  Hence the water content in the electrolyte plays a decisive role in determining 
whether a porous or tubular structure is formed, as clearly shown by Fig. 15a-d, where TiO2 NTs 
were obtained for a water content ≥0.7vol. % [221]. Some important considerations can be also 
drawn on the basis of experiments conducted on Ti alloys and other valve metals. Bayoumi and 
Ateya [222] reported the formation of anodized TiO2 NTs on a Ti-Al alloy, which consisted of a de-
alloying process (removal of Al, passivation of Ti) to obtain a nanoporous structure and subsequent 
anodization with the formation of the nanotubular structure of titania. This is to be expected 
considering the behaviour observed for Al and Ti which, if anodized under suitable conditions, 
leads to the formation of nanoporous Al2O3 and TiO2 NTs. Furthermore, Berger et al. [223] 
investigated the growth of self-ordered structures on pure Ti and Al, as well as on different Ti-Al 
alloys, demonstrating that a morphological change occurs depending on alloy composition and 
applied potential. When the Al content in the alloy was the major component the final structure was 
porous, whereas an increase in the Ti content led to a transition to the formation of NTs and the 
higher the Ti % in the alloy the lower the potential needed to trigger the transition to NTs. The 
explanation accounts for the increased stress with increasing Ti content in the alloy, as the Pilling 
Bedworth Ratio for Ti/TiO2 (2.43) is larger than Al/Al2O3 (1.38) [223]. Similarly, by anodizing a 
Nb/Ti alloy in a fluoride containing media, Ghicov et al. [224] demonstrated it was possible to 
produce a mixture of Nb2O5-TiO2 NTs whereas anodization of Nb under identical conditions would 
lead to generation of nanoporous Nb2O5,  since niobia is less prone than TiO2 to attack by fluoride 
ions. Berger et al. [225] also showed it was possible to generate nanoporous ZrO2, rather than ZrO2 
NTs, by controlling the water content (1vol.%) in fluoride containing glycerol electrolyte whereas 
Muratore et al. [226] demonstrated the conversion from ZrO2 nanopores to ZrO2 NTs by ageing the 
anodic film in the electrolyte so that chemical dissolution could take place. Similar conclusions with 
regards to the transition from nanopores to nanotubes also applies to anodic HfO2 [227].  
The transition from pores to tubes is also favoured by an increase of the fluoride concentration; it 
occurs because of the higher chemical solubility of the cell boundary (triple point) where a fluoride 
rich layer accumulates [27], as recently confirmed by a High Resolution Scanning Auger Electron 
Spectroscopy investigation  [211]. This supported the hypothesis that the transition from pores to 
tubes is triggered by a higher chemical dissolution occurring in the fluoride rich layers. The pore-
tube transition due to a fluoride rich layer is schematically shown in Fig. 16a [211]. It has also been 
shown that viscous electrolytes contribute to the suppression of fluoride rich boundaries favouring 
the formation of TiO2 nanopores [228]. An alternative mechanism is proposed by Su and Zhou 
[188]; according to this study the pore to tube transition is driven by dehydration of a TiO2
.
xH2O 
complex present on the outer wall of the NTs. Their TEM observations are in good agreement with 
other reports on the presence of a hydrated outer layer in anodized TiO2 films and it is known that 
the anodic structure can harden and shrink following ejection of this excess water  [76, 114, 208]. 
Similar suggestions on the role of dehydration causing the pore to tube transition have been also put 
forward by Chen et al. [229]. However, despite the fact that such dehydration processes cannot be 
neglected, based on the evidence available to date, the authors’ believe the most plausible reason 
behind the transition pores to tubes remains the formation of a fluoride rich layer at the NTs cell 
boundary.  
 
5.1.3 Pore to pore (or NT to NT) spacing and self-ordering 
The pore (tube) spacing and the self-ordering established during anodization is strongly related to 
the pore (tube) nucleation and initial growth processes and the transition from pores to tubes. Again, 
a useful analogy with AAO exists.  Ono et al. [230, 231] provided evidence that a key factor in 
enhancing the ordering of the AAO array is the electric field, with the most ordered structure  
obtained at a high current density and applied potential. Chu et al. [232], by adopting a high field 
anodizing method, reported a change in the junction strength of the alumina cells in the anodic film: 
at a high potential the junction strength was lower at the boundaries than in the cell walls, hence it 
was possible to separate alumina cells with increasing electric field and obtain alumina NTs. This 
was explained in terms of interacting repulsive forces produced from a volume expansion [233]. In 
the case of TiO2 NTs the real situation is probably rather more complex and dissolution at the cell 
boundaries, discussed in section 5.1.2, may not be able to explain all the observed morphologies. 
For example, Yoriya et al. [191, 234] suggest that the degree of self-order and the formation of 
either nanopores or NTs are also affected by the conductivity of the electrolyte. Fig. 16b [234] 
shows three different cases of pore spacing, ideally porous TiO2 (case 1), close packed TiO2 NTs 
(case 2) and separated NTs (case 3). While the pore size is determined by the applied potential 
[147], enhancing the conductivity of the electrolyte causes sufficient ionic mobility (to eliminate 
competition between pores) [235] and both oxide growth and dissolution is enhanced, leading to a 
larger pore size and larger pore spacing [234].  
 
 
5.2  Formation of ribs on the wall of the NTs 
Another fascinating aspect of TiO2 NTs is the presence of ribs along the tubes walls, typical in the 
case of the 1
st
 and 2
nd
 generations of NTs formed in aqueous solutions; they can also be observed in 
organic based electrolytes whenever the anodizing conditions are favourable, see Table II. It should 
be noted that in the case of organic electrolytes the ability to discriminate between smooth (rib free) 
and ribbed NTs could be exploited to tune the surface area and more generally the properties of 
TiO2 NTs for specific applications. Several reasons have been put forward to provide a mechanistic 
explanation for the presence of ribs and major contributions to the field are now discussed.  
 
5.2.1 Studies in aqueous systems 
Ribs are always observed in anodized TiO2 NTs grown in water. An early model proposed by 
Macak et al. [78] associated rib in water media with regular current oscillations recorded in the 
current-time transient, associated with pH bursts at the base of the tubes as the anodization 
progressed. It was possible to suppress the formation of ribs using a highly viscous electrolyte such 
as glycerol; clearly the water content in the glycerol, although unspecified, must have been below a 
critical threshold, as discussed in section 5.2.2. According to our studies [76, 114], when working 
with aqueous based electrolytes oxygen evolution is a side reaction that should be taken into 
account and has an influence on the formation of irregular NTs and on the presence of oxide rings, 
which pile up to form the NTs. One cannot ignore oxygen evolution when anodizing Ti in water at a 
potential of typically 20-30V. In water based media oxygen evolution in Ti occurs at potentials as 
low as 10V and its evolution is recorded as the presence of bubbles within the barrier anodic film 
[216].  
In the case of anodic alumina the pressure inside the bubbles, which varies according to the bubble 
diameter, is reported to be of the order of 8000, 800, 160 MPa for bubbles of diameter  1nm, 10nm 
and 50nm respectively [165] and similar pressures (80MPa for 100nm diameter) are reported for 
barrier layer anodic TiO2 [236]. The evolution of oxygen occurs whenever there is a significant 
component of electronic current and it is believed to be triggered by the development of crystalline 
regions within the anodic film [215]. In the case of anodic TiO2 NTs, oxygen bubbles are not easily 
trapped within the oxide as the presence of fluoride ions and the high pressure within the bubbles 
offer a means of escape for the gas; on the other hand such bubbles can be observed evolving from 
the anode and reaching the surface of the electrolyte. 
 
5.2.2 Studies in organic systems  
When using organic electrolytes, Raja et al. [129] indicate that a minimum concentration of water 
of 0.5wt. % is a threshold between smooth NTs and the existence of ripples of the NTs. 
Undoubtedly, the role of water is a key factor in determining the presence or absence of ripples as 
confirmed by several additional studies [148, 219, 220].  
It has been  suggested that the ridges represent the growth front of the anodization process and since 
the NTs are interconnected by these ridges, the passage of the electrolyte is restricted and the 
electrolyte does not participate in the formation of gaps between the NTs [237]. Similarly, Su et al. 
[189] reported the ribs to be the remains of two-dimensional sheets supporting the NTs and 
demonstrated it is also possible to separate such porous layers from the NTs. Valota et al. [219] 
associated the formation of ribs with increasing water content, the result of penetration of the 
electrolyte between the NTs, with subsequent partial chemical dissolution of a fluoride rich 
boundary  present on the outer walls of the NTs. The presence of a fluoride rich layer at the 
boundaries between cells has indeed been confirmed [33, 211]. To date a clear mechanism fully 
elucidating the formation process of ribbed NTs is not available. We have recently suggested [148] 
that given a critical amount of water and a sufficient anodizing potential, an outer layer 
characterized by oxide rings will form and partial dissolution will then convert such rings into ribs 
bridging the NTs (eventually a smooth top and a ribbed bottom is obtained for an extended 
anodizing time and dissolution). Considering that such the ribs could be associated with the 
anodizing front, it may be possible that they form as a result of partial dissolution of a sequence of 
anodic layers developing while the NTs are also growing. We believe oxygen evolution is also 
responsible for the formation of the ribbed NTs, considering that ribs are triggered by the presence 
of water [145]. Similarly to the formation of oxide rings building up to form the NTs [76, 114], a 
layer by layer growth model (i.e. breakdown occuring for each single oxide layer eventually leading 
to a tubular structure) has been recently suggested by Cao et al. based on their observations on a 
fluoride containing glycerol/water electrolyte  [238-240].  
Other groups have also considered the influence of oxygen on the anodization of Ti. Valota et al. 
[146] observed a change in the growth mechanism at 40V in a fluoride containing glycerol 
electrolyte (again with sufficient water to assist anodization) with oxygen evolution becoming 
relevant and affecting the regularity of the NTs. Indeed the applied potential is another key factor in 
determining whether the NTs are smooth or ribbed, because it determines the formation or absence 
of oxygen bubbles at the anode. Oxygen bubbles lead to the formation of oxide rings and after 
sufficient time partial dissolution of the rings generates ribs [148]. Similar suggestions on the role 
of oxygen affecting the morphology of the anodic film have also been put forward by Lee et al. 
[241, 242] and Schwirn et al. [243] for hard anodized AAO, following the observation of voids/gaps 
along the cell boundaries and periodic variations in the external pores diameter.  
If the ribs are formed as a result of water in the organic electrolyte partially dissolving the oxide, 
then one would expect the NTs grown in water based electrolytes to be free of ribs, which is clearly 
not the case.  A possible explanation is that ribs and oxide rings are never totally dissolved when 
anodizing in an aqueous system as the oxide hardens by ejecting excess water and in the process 
becomes more resistant to attack by fluoride ions. In other words the anodizing process is 
reasonably fast in water based electrolytes and the denser rings of oxide restructure together to form 
an irregular tube (i.e. ripples) whereas in organic electrolytes the oxidation process and the 
dissolution rate are slower, allowing more time for the NTs to equilibrate and become smoother, as 
confirmed by the observation of partially smooth and partially ribbed NTs [145]. What can be 
appreciated is that water content, applied potential, evolution of oxygen bubbles and (partial) 
dissolution phenomena play an important role in the formation of ripples on the wall of the NTs, 
with a mechanism which is likely to be similar in both water and organic systems.  
 
 
5.3 Does oxygen evolution have a role on the growth of anodized TiO2 NTs? 
While it has been suggested that oxygen evolution does not represent a significant side reaction 
during the formation of anodized TiO2 NTs [139], other reports indicate oxygen evolution at the 
anode should be taken into account in aqueous media [76, 114] and, depending on applied potential 
and water content, also in organic electrolytes [145, 146, 148, 219, 220]. It remains to be 
established whether oxygen bubbles at the anode have a key role in the formation of anodized TiO2 
NTs. The fact that oxygen evolution influences the morphology of anodic porous/tubular structures 
has been put forward for many other anodized and self-organized structures [244-256]. A 
theoretical model accounting for the ionic and electronic currents during anodization and supporting 
the role of oxygen in the growth of the NTs (termed the ‘oxygen bubble mould’ effect) has been 
recently developed [257]. 
There are strong arguments in favour of a flow model to account for the formation of anodized TiO2 
NTs [174] as well as other self-organized anodic nanostructures [160], and major progress  has been 
made over the last decade to progress the development of growth models [16, 68-71] proposed in 
the early stages of the research on anodic TiO2 NTs.  It should be noted that evidence for the 
"plastic flow" model has been provided for TiO2 NTs grown in organic electrolytes, whereas it is 
difficult to collect such evidence in aqueous media, considering anodizing conditions are much 
more aggressive. From the data available, it is clear that oxygen bubbles are not essential for 
generating porosity in the anodic structure, and this can be confirmed, for example, by growing 
TiO2 NTs in organic electrolytes at a sufficiently low potential such that oxygen evolution does not 
occur [148]. However, when oxygen gas evolves at the anode it greatly affects the morphology of 
the NTs. 
In aqueous media oxygen bubbles generated within the oxide may line up under the action of the 
electric field and eventually escape to the surface, aided by the action of fluoride ions breaching 
through the oxide and partially dissolving it, as shown in Fig. 17 [76]. As previously discussed, 
oxygen bubbles would also account for the formation of ribbed TiO2 NTs in aqueous media. It is 
interesting to observe that Shin et al. [244] reported the growth of anodic porous tin oxide, a process 
disrupted by oxygen evolution leading to a structure of the type shown in Fig. 18a (top view) and 
Fig. 18b (cross-section). The similarity of the tin oxide NTs to the TiO2 NTs structure grown in an 
aqueous electrolyte [114],  Fig.18c-d, is rather striking. Finally we make note that in the case of  
self-ordered anodized HfO2 structure, the presence of oxygen bubbles has been related to the 
formation of regular dimples on the metallic substrate and it has been suggested that bubbles are 
key in initiating the growth of the NTs [255].  
 
 
6. Growth of TiO2 NTs in fluoride free electrolytes  
Nearly all the work undertaken in fluoride free solutions has been performed in electrolytes 
containing perchlorate, chloride or bromide ions [43-54], leading to the formation of bundles of non 
self-organized NTs. It has also been demonstrated that NTs bundles can be grown in sulphuric acid 
by properly tuning the conditions (i.e. electrolyte concentration and applied potential) [55]. The 
process proceeds at a much faster rate compared to fluoride containing media and long (several µm) 
NTs are obtained within a few minutes. Clearly the mechanism behind the development of the NTs 
is different from the plastic flow mechanism observed in fluoride solutions [174]; instead both the 
lack of self-organization and the faster speed of the process are due to the presence of ions 
(perchlorate, chloride, bromide) capable of inducing rapid breakdown anodization. By stepping the 
potential (instead of sweeping) up to several tens of volts, conditions for the passivity breakdown 
are established (i.e. pitting corrosion [258]); in specific areas the surface is activated and a high 
current density and rapid growth of the bundles of NTs are observed [43]. Whereas in fluoride 
solutions the diameter of the NTs is proportional to the applied potential (at least in the range 10 to 
60V), when rapid breakdown growth occurs, the NTs exhibit a diameter which does not depend on 
the applied potential [43-47, 51].  
A change in the applied potential does not affect the NTs morphology whereas it affects the number 
of nucleation sites and therefore the growth rate [47]. Furthermore, since the process is very rapid, 
the tubes are of significantly smaller diameters (~ 20nm) and a high amount of electrolyte species 
can be incorporated in the anodic film, for example over 20at% of carbon when operating in organic 
solutions. This can be exploited to enhance the overlap between the NTs’ absorption spectrum and 
the solar spectrum [44]. Richter et al. [45] studied the anodizing process using chlorinated organic 
compounds and suggested that the role of carbon is to act as a reducing agent in the complex 
chlorine-based chemistry leading to the formation of NTs. An interaction between the chloride ions 
and carbon is hypothesised, based on the fact that the carbon content in the anodic film increased 
when using a compound with a higher number of chlorine atoms. The same group [46] argue that 
the high reactivity (i.e. faster rate of formation of NTs) is not simply due to chloride ions breaking 
down the barrier layer formed at the metal/metal oxide interface; a sufficiently high potential is also 
needed to ensure competition between the chlorine (formation of pits, oxidation to chlorine gas) and 
the oxygen chemistry (i.e. oxidation leading to oxide growth), effectively keeping the barrier layer 
thickness to a minimum. A thin barrier layer combined with a high potential leads to high reactivity. 
It is important to highlight that owing to the faster rate of formation, NTs grown by Rapid 
Breakdown Anodization (RBA) often detach from the metallic substrate and are released in bundles 
in the electrolyte; this technique may well be exploited as a means for significant production of 
relatively cheap TiO2 NT powders [52]. It has also been demonstrated that under specific conditions 
a change in mechanism from RBA to a plastic flow mechanism leading to self-organized growth of 
the NTs can be achieved in an organic electrolyte containing chloride ions [53]. Hence ordered 
structures can be prepared in fluoride free solutions, although those systems are more sensitive to 
changes and the processing window (applied potential, water content, chloride concentration) 
within which self-organization occurs is narrower [49, 53]. Interestingly, when the reaction rate is 
slowed down and the mechanism shifted from RBA to plastic flow, the diameter of the NTs is again 
observed to be dependent on applied potential [53]. 
 
 
6.1 A comparison between electrolytes with and without fluorine addition 
Table 3 lists all the different regimes to be considered for the growth of anodic TiO2 NTs. In the 
case of fluoride containing aqueous solutions the process is determined by the competition between 
field-assisted oxidation and chemical and field-enhanced dissolution. The presence of fluoride ions 
ensures there is a high density of nucleation sites for the reactions. However in aqueous media 
chemical dissolution is difficult to control and only short NTs can be grown, whereas chemical 
dissolution is suppressed in fluoride containing organic electrolytes, growth by plastic flow is 
prevalent and NTs several tens of µm long can be obtained.   
In contrast, what becomes clear observing the nanostructures grown by RBA using the fluoride free 
approaches [43, 47-49, 52], Fig. 19a-c, is that the NTs appear to be interconnected by many TiO2 
nanoparticles, reported to be either amorphous [52] or crystalline [48]. This implies that there are 
fewer than desired growth points (and concentrated where pitting occurs) and the process is 
consequently developing much faster than in fluoride containing solutions. The high rate of the 
growth process also makes self-organization more difficult to achieve. Even in the presence of 
ClO4
-
/Cl
-
/Br
-
, RBA is poorly sustained by purely organic electrolytes [47] and the best results are 
observed either in mixed (organic/aqueous) or aqueous electrolytes.  
The remaining part of the review discusses the crystallinity (or lack of) in as-prepared anodized 
TiO2 NTs and on the effect that heat treatment has on the structure, properties and crystallinity of 
the NTs.   
 
 
7. Effect of heat treatments on the structure, properties and crystallinity of anodized TiO2 
NTs 
 
7.1 Crystallography of TiO2  
TiO2 is known to crystallize in three different polymorphs: rutile (tetragonal), anatase (tetragonal) 
and brookite (orthorhombic) [259], respectively shown in Fig. 20a-c [260].  
 
Rutile has the lowest free energy and it is the most common natural form of titania [261], the most 
studied and well known of the three polymorphs. Anatase, which is rare in comparison to rutile, is 
of great interest particularly for its key role in the injection and transport of electrons in 
photovoltaic devices [262]. Brookite is the rarest form of the mineral, and is not easily obtained 
synthetically [263]. Brookite and anatase are metastable polymorphs and transform exothermally 
into rutile; the transformation is irreversible and occurs over a range of temperatures (400 to 
1200°C) depending on several factors such as the presence of impurities, the size of the particles 
and whether the oxide is supported over another material [264, 265]. As can be seen from Fig. 20a-
c, all three crystal structures are made up of distorted octahedra, each one representing a TiO6 unit, 
where each Ti
4+
 is at the centre of the unit and coordinates six O
2-
 ions. The manner in which the 
octahedra assemble to form a TiO6 based chain is different and characteristic of each polymorph. 
Table 4 lists some of the key properties [261, 263] of the three predominant titania polymorphs. 
Rutile is the most dense phase and has the highest refractive index, while anatase is characterized 
by the widest band-gap (~3.2eV) [263]. The properties (density, band-gap and refractive index) of 
brookite fall between those of rutile and anatase. 
 
 
7.2 As-prepared barrier type anodic TiO2  
Most of the studies on the development of crystallinity during the anodic process have been 
performed on barrier layer type anodic TiO2 films and are briefly summarized here. Crystallization 
takes place gradually over the course of the anodization [266] and is usually associated with 
breakdown (which for TiO2 can occur  at low potentials [267]) and with compressive stress at the 
oxide-metal interface [268]. According to Vanhumbeeck et al. [269, 270] the crystallization of 
anodic TiO2 contributes to a stress relaxation mechanism which is triggered when reaching a 
maximum compressive stress (quantified as 4GPa at 12V). A transition from amorphous to 
crystalline implies a change in the efficiency of the anodic growth, since oxygen evolution (i.e. due 
to electronic conduction) is aided by the crystallinity. However change in the growth efficiency and 
oxygen evolution can also be induced by a phase transition from anatase to rutile [271]. Rutile has a 
narrower band gap (3.05eV) than anatase (3.2eV) [272] thus can better sustain electronic 
conduction. This implies that oxygen evolution during anodization of barrier type TiO2 is not 
homogenous but it depends on the grain orientation of the Ti substrate as well as on the TiO2 
polymorph [236]. 
 
 
7.3 As-prepared anodic TiO2 NTs  
Regarding TiO2 NTs and more generally porous/tubular anodic oxides, it appears that a necessary 
condition for porosity is that cations migrating away from the anode are ejected into the 
electrolyte[159, 160, 174]  and therefore the oxide forms mainly at the oxide-metal interface. Hence 
one may think that, analogous to barrier layer titania, the presence of crystalline regions within the 
NTs can be expected. However, what it is generally observed is that the as-prepared NTs are 
amorphous, although nanocrystalline regions may also be present. There are a series of challenges 
associated with the surface characterization of TiO2 NTs [273]. It is known for example that 
crystallization of TiO2 can be induced by a sufficiently high electron beam and time exposure [274], 
hence interpretation of results is not always straightforward. However there is convincing evidence 
suggesting that the presence of crystalline regions within the NTs is not an artifact.  Using Raman 
Spectroscopy, Zhao et al. [70] reported the presence of anatase crystals in TiO2 NTs anodized in 
aqueous electrolytes, associating their presence with dielectric breakdown [266]. Our studies 
revealed the presence of very finely divided crystallized phase (within an overall amorphous 
structure) possibly due to localized heating associated with the Precision Ion Polishing System 
(PIPS) used to thin the samples [76]. However, further work [114] without the use of PIPS 
confirmed the presence of crystalline regions within the as-prepared NTs (grown in an aqueous 
media), due to crystallization of the hydrated gel ( OxHTiO 22  ) triggered by random differences in 
concentration, temperature or anode interface morphology during the anodization. Similar findings 
have also been reported by Low et al. for aqueous media [275] and it appears  that slightly heated 
electrolytes (50°C) also trigger the formation of anatase [276]. Glancing Angle X-Ray Diffraction 
(GAXRD) work by Yoriya et al. [235] show that partial crystallinity can also be induced in as-
prepared NTs anodized in organic electrolytes, specifically at 80V in diethylene glycol (DEG) with 
2% of water. Similar results were obtained by Macak et al.[141] for an anodizing potential of 40V 
and by Cao et al. [240] with crystallinity increasing with increase in water content and anodizing 
time.  
Considering the importance of developing fully crystalline TiO2 NTs at a sufficiently low 
temperature to use them with flexible polymeric substrates for photovoltaic applications (although 
temperature resistant flexible substrates are also available[277]) and in conjunction with 
temperature sensitive devices, efforts have been made to enhance crystallization without annealing 
the NTs. Allam et al. [278] demonstrated that the growth of anatase crystals can be improved by 
adopting a two-step low-temperature (80°C) synthesis process where the Ti substrate is firstly 
treated with an oxidizing agent and then anodized in a fluorine containing electrolyte. In another 
work Allam et al. [279] generated partially crystalline NTs using a polyol electrolyte, as a high 
viscosity was considered beneficial to induce crystal nucleation and formation.   Their performance 
as a photo-anode material for water splitting was investigated and it was concluded a thermal 
treatment was still necessary to boost their potential; nevertheless, full crystallinity was reached at a 
relatively low temperature, 300°C, suggesting an enhanced nucleation rate was triggered by pre-
existing crystals formed during anodization. In contrast, an amorphous to anatase conversion 
without thermal treatment to generate highly photoactive NTs has been recently achieved using a 
simple technique involving the soaking of as-prepared anodized NTs in water [280]. Similarly a 
post-growth hydrothermal treatment (hot water at ~90°C) is also reported to induce crystallinity in 
the anodic NTs [281]. However, Liu et al. [282] compared the photoactivities of NTs crystallized at 
low temperatures treatment and of NTs crystallized by a classic thermal annealing, concluding that 
the latter remains to date the most reliable approach to induce full crystallinity and a better 
performing material. Interestingly, a fluoride induced formation of rutile crystals on as-prepared 
TiO2 can also be  achieved, as shown by Kunze et al. [283], although the mechanism underlying this 
process is currently not clear.   
 
 
7.4 Annealed anodic TiO2 NTs 
In a recent review, Paramasivam et al. [64] highlight the need to establish a more quantitative 
analysis on the influence of tube morphology and composition and the need to investigate 
approaches to modify the electronic, optical and chemical properties in order to maximize the 
outcome on the applied research on anodized TiO2 NTs.  While the morphology and composition 
can be varied by operating either in aqueous or organic electrolytes [284, 285], a straightforward 
way to modify and enhance the electronic and optical properties of the NTs is certainly represented 
by post-growth annealing treatments. The annealing and the resulting crystal phase(s) have a 
significant impact on the electrochemical properties of the NTs [286].  
Generally the amorphous nature of most mesoporous materials (such as as-prepared TiO2 NTs 
discussed in section 7.3) translates into poor thermal and mechanical stability and limits their 
applications; a crystallized structure not only provides better thermal and mechanical properties, but 
also enhanced electric, optical and catalytic properties [287]. Indeed several applications are 
envisaged for films of fully crystalline NTs, including Dye Sensitized Solar Cells (DSSCs) [288], 
photochemical applications and more generally, redox processes [61, 289, 290]. For such 
applications the phase, its purity and even the particle/grain size influence the band-gap and the 
efficiency of a material [263]. Therefore parameters such as crystal structure, degree of crystallinity 
of anodized TiO2 NTs as well as their chemical, morphological changes and thermal stability at 
higher temperatures need to be carefully considered. For example anatase is usually the phase of 
choice in photovoltaics and photocatalysis as it ensures a better percolation of electrons [262, 291], 
although it is also known that a mixture of rutile and anatase can be acting as an efficient 
photocatalysts due to enhanced charge separation [292]. Rutile is instead preferred as a dielectric 
and in gas-sensing devices [293].  
 
7.4.1 Thermal stability and collapse of the NTs  
The first comprehensive work shedding light on the effect of annealing on anodized TiO2 NTs was 
reported by Varghese et al. in 2003 [34] who demonstrated that the NTs were stable up to 580°C 
and did not suffer any major shrinkage when annealed in an oxygen atmosphere. Similar stability 
temperatures (600-700°C) have been also reported elsewhere [294, 295].  Glancing Angle X-Ray 
Diffraction (GAXRD) analysis on annealed NTs, Fig. 21, shows the presence of anatase (A) 
crystals in specimens annealed at 280-430°C, whereas rutile (R) crystals begin to appear at 480°C 
so that a mixture of A and R crystals is detected. As the temperature is further increased only rutile 
is observed and eventually the NTs collapse as described in Fig. 22. Rutile formation on Ti due to 
thermal oxidation and eventually protrusions emerging from the metal at 550-580°C are considered 
to be the principal cause of collapse of the NTs [34].  
The presence of rutile above 450°C was also reported by Lai et al. who observed a corresponding 
reduction of the photocatalytic activity of the NTs, although the authors did not clarify whether the 
rutile was present within the NTs or solely on the Ti support [296]. Further studies confirmed that 
the NTs collapse above 550-600°C [33, 153, 297-300], with the structure becoming more angular 
and dense as a result of a sintering process which is aided by the high surface area of the 
nanoparticles, by an amorphous layer on the outer wall of the tubes and by the residual presence of 
fluoride ions (i.e. these ions are mostly expelled during the annealing process, but a residual amount 
remains incorporated within the NTs) [33]. This non-uniform concentration of fluoride ions across 
the film which is still present in the outer amorphous layer [92] may be an important component in 
a liquid phase sintering mechanism [301], reducing the temperature of formation of an eutectic 
mixed oxide fluoride liquid.  
Collapse at higher temperatures (800-900°C) is associated with double walled NTs [92] and free 
standing NTs membranes [302],  however degradation of the NTs and the sintering process is 
evident from TEM observations at temperatures similar to those previously reported with anatase 
crystals appearing at 300°C. It has also been shown that in N-doped NTs the damage induced by ion 
bombardment, leading to lower photo-conversion response, can be healed with a thermal treatment 
[303]. As an alternative to classic annealing treatments performed in furnaces, flame annealing has 
been also investigated as a technique capable of producing crystalline NTs within seconds and 
providing good control over the anatase/rutile ratio produced by monitoring the time of the flame 
treatment [304]. 
 
7.4.2 Anatase to rutile transformation  
As discussed in the previous section, the phase and crystallinity of TiO2 NTs are dependent on the 
calcination temperature. For very small crystallite sizes (i.e. few nm), HRTEM is the best method to 
determine the phase and such investigations has been covered by several works [33, 152, 189, 305, 
306]. As previously highlighted, care needs to be taken in making definitive conclusions since the 
TiO2 can undergo phase “premature” transformation in the TEM particularly when the electron 
beam is condensed to a small spot, giving a high energy density and heating of the specimen. 
Indeed, crystallization and shrinkage of a structure may be induced by TEM [274]. Nevertheless, 
HRTEM represents a powerful instrument to investigate nanostructured materials, including TiO2.  
According to Varghese et al. [34], considering  the size constraints imposed by the NTs wall and the 
reported stability of 10-15nm anatase nanocrystals [307, 308] it is likely that the crystal within the 
NTs walls may not undergo any transition and can remain as anatase up to 500-600°C. The eventual 
transition to rutile coincides with the collapse of the NTs.  Jaroenworaluck et al. [33] discussed the 
crystallinity of the NTs over a range of temperatures, combining evidence from HRTEM 
characterization [33] with Raman [153], XRD [218] and XPS [32, 134] analysis. Whereas at room 
temperature the samples consisted of very fine grains within an overall amorphous matrix [114], the 
presence of anatase is clearly shown at temperatures as low as 200°C, although Raman and XRD 
cannot easily detect it, as the particle size is very small and an amorphous matrix persists. 
According to HRTEM, crystallization of the NTs to anatase can be considered completed at a 
temperature as low as 300°C, as shown in Fig. 23a-b [33].  The NTs were annealed without the 
presence of the Ti substrate, and rutile was not detected (i.e. rutile crystals were detected only at 
500°C or above), consolidating Varghese’s model on the formation of rutile crystals taking place 
mainly at the Ti/TiO2 interface. Factors contributing to a reduction of the crystallization temperature 
(i.e. 300°C from TEM whereas it can be assumed at around 400°C according to XRD studies) are 
the very high surface area of the small crystallites, the strain energy due to presence of defects as 
well as impurity effects [33].  
However from HRTEM analysis performed by Su et al. on NTs calcined at 300°C [305], Fig. 24a-
d, both anatase (Fig. 24 c) and rutile crystals (Fig. 24b and 24d) can be observed  at the tube 
bottom and on the outer tube wall. It is evident that the crystallization process also depends on the 
sample preparation and history. For example our samples for TEM [33] were grown in aqueous 
media whereas the analysis of Su et al. [305]  were carried out on NTs obtained in ethylene glycol 
(with only minor water content). Generally, it can be concluded rutile becomes dominant above 
500-600°C (depending on sample preparation and history) and nucleate preferentially at the 
interface between the NTs and the Ti substrate. However the phase transition from anatase to rutile 
can also begin at a lower temperature, especially when the anodization is carried out in an organic 
media. Considering the higher carbon content in as prepared NTs grown in organic electrolytes (as 
discussed in section 4.3.1), in our view it is likely that during the calcination step a higher amount 
of oxygen vacancies is induced in the anodic NTs. It is known that oxygen vacancies are generally 
better accommodated by rutile rather than anatase [309]. 
Indeed it has been suggested in other studies that the formation of rutile at the metal/metal oxide 
interface observed for NTs on the Ti support is associated with oxygen vacancies generated at the 
interface due to a reaction between Ti and TiO2 at the base of the tubes [302]. Oxygen deficiency at 
the metal/metal oxide interface is also common for TiO2 anodized in NaCl [208] and it is interesting 
that differences in the oxygen and titanium concentrations between the NTs wall and the barrier 
layer at the bottom of the NTs have been found by Nguyen et al. [237], with the barrier layer 
exhibiting higher oxygen vacancy density following heat treatments at 400°C. Macak et al. reported 
similar results for smooth tubes prepared in viscous electrolytes, obtaining anatase crystals at 
450°C, also showing that fluorine ions are mostly expelled from the anodic film during the thermal 
treatment [310]. The presence of cracks (or possibly so called ‘ghost boundaries’) within the NTs 
walls when annealing above 450°C [31] suggests a lower temperature of 350°C to be the most 
suitable for thermal treatment of NTs.  
The anatase-rutile transition in the NTs occurs at lower temperatures in Ar [34, 311], allowing  
rutile crystals to form within the NTs wall without the structure collapsing, although pore shrinkage 
and thinning of the NTs wall is observed [34]. The temperature utilized (>500°C) and the Ar 
atmosphere are capable of inducing partial reduction of bulk TiO2 into TinO2n-1, known as Magnéli 
phases[312, 313], which presents crystallographic shear planes to accommodate the oxygen 
loss[314, 315]. These shear planes derive from the initial presence of the rutile structure, the 
formation of which is therefore facilitated in Ar. Recent studies performed on TiO2 nanoparticles 
and NTs confirms that whenever annealing is performed in a depleted oxygen atmosphere, reduction 
of Ti
4+
 to Ti
3+
 occurs and the anatase to rutile transformation is promoted [316-318]. TinO2n-1 phases 
have a higher density than TiO2 [313] and also contribute to the shrinkage of the structure. It is 
worth noting that semi-metallic NTs containing such Magnéli phases have been successfully 
prepared by adopting a carbo-thermal treatment (i.e. high thermal treatment in acetylene). Hence 
not only can the crystalline phase be controlled through annealing, but the conductivity of the 
material can be shifted from semi-conductor to semi-metallic [319, 320]. The possibility of ranging 
the conductivity of the NTs within several order of magnitude is appealing not only in photo-voltaic 
technology, but also in sensing [321, 322], electrocatalysis [323] and more generally in 
electrochemical applications where good conductivity and chemical resistance are both required 
[324, 325].  
 
7.4.3 Crystal size-effects 
 Recently Bauer et al. [326] reported on an unusual “size-effect” dependent anatase/rutile 
stabilisation for TiO2 NTs; their results are in line with previous studies[33, 34] showing that to 
induce rutile formation the aid of a Ti support is necessary. However, whereas nanocrystalline TiO2 
anatase is generally favoured within small crystals (10-30nm) [307, 308], rutile is the stable phase 
within the NTs walls for NT diameters <30nm and anatase is stabilized in the larger diameter NTs  
[326]. Further studies on the crystal size and phases present in the NTs should be carried out, 
considering the importance of TiO2 in photocatalysis: it is expected that the crystallite size and 
phase can modify the internal reflection of light and ultimately the phonon absorption, hence 
affecting the efficiency of a photocatalytic process. Finally, another aspect that should be 
considered in future investigations is also the impact of defects (such as oxygen vacancies) on the 
properties of TiO2 NTs. For example, very little is known on the effect of oxidation state of TiO2 
NTs on their photocatalytic activity [327], although there is a raising awareness that defect 
chemistry can be exploited for the processing of structures with tailorable properties [328].  
 
 
8. Conclusions 
The review has presented a comprehensive analysis of the state of the art of the growth mechanism 
behind the formation of anodized TiO2 NTs and on post-growth treatments to induce full 
crystallinity in the NTs. A number of key points emerge: 
 
i. Major breakthroughs have been made over the last decade, progressing from a 1st generation of 
short and poorly organized NT arrays to a 3
rd
 and 4
th
 generations of long (hundreds of  µm) and 
highly organized arrays of anodized TiO2 NTs.  
ii. The mechanism behind the growth of the NTs is a fascinating topic and the understanding of 
the process has been recently greatly improved. A modified high field regime (i.e. the NTs 
growth occurs only at the metal/metal oxide interface) can be assumed. The TiO2 NTs are then 
growing principally by plastic flow model when organic electrolytes containing fluoride ions 
are used. In organic media the TiO2 film initially develops as a porous film, then due to the 
presence of fluoride ions accumulating at triple points, the pores separate each other into well-
defined NTs. 
iii. The situation is more complex in aqueous electrolytes (1st and 2nd generations) where chemical 
dissolution cannot be ignored. A transition from a porous to tubular nanostructure is not 
observed and NTs are found to be present from the early stages of the process.  
iv. The ejection of Ti4+ ions into the electrolyte is essential to initiate porosity in the anodic film. 
Chemical dissolution can also help initiate and sustain porosity during the anodization 
v. Whenever oxygen bubbles form at the anode, they influence the morphology of the NTs. There 
is possibly a link between oxygen evolution and the presence of ribs on their outer wall (i.e. 
smooth NTs are formed when oxygen evolution does not occur). 
vi. The NTs can also be grown in fluoride free electrolytes by Rapid Breakdown Anodization 
(RBA), although self-organization is difficult to achieve by RBA due to the fast growth of the 
anodic film under such conditions. 
vii. Depending on the heat treatment temperature and atmosphere different crystalline structures are 
induced in the NTs (i.e. anatase or rutile) and the electrical properties change from semi-
conductor to semi-metallic. A temperature limit exists (500 to 800°C depending on preparation 
history) above which sintering of particles and collapse of the NTs structure occurs and any 
benefits associated with an ordered nanostructure are lost. There is also the need to develop 
ways to control not only the crystalline phase, but also the defects generated during the 
annealing and to investigate how these defects can be exploited in specific applications (i.e. 
photocatalysis, water splitting, photovoltaics). 
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Tables, Figures and Captures 
 
 
Table 1. The different morphologies of titanium oxide obtained by anodization. 
 Barrier type Nanoporous and nanotubular type 
 
Structure Thin (few hundreds of 
nm) and compact 
i. Inner layer at the M/MO interface: 
thin (≤ 50nm), barrier type 
ii. Outer layer at the MO/electrolyte 
interface: porous/tubular form  
(up to >1000µm)[84] 
 
Electrolyte Solutions of 
sulphuric, phosphoric, 
acetic acid [41] 
i. Aqueous and organic solutions 
containing fluoride ions [42] 
ii. aqueous and organic solution containing 
perchlorate, chloride, bromide ions [43-54] 
 
 
 
Table 2. Evolution of TiO2 NTs from 1
st
 to 4
th
 generation. 
TiO2 NTs Electrolyte Features Refs. 
 
1
st
 generation 
 
HF aqueous solutions 
 
i. 0.5µm long 
ii. poorly self-organized 
iii. ribbed 
 
 
[16, 34, 68-
71] 
 
2
nd
 generation 
 
Aqueous solutions of  
fluoride salts (0.1-0.5wt%) 
 
i. up to 5 µm long 
ii. self-organized 
iii. ribbed 
 
 
[72-76] 
 
3
rd
 generation 
 
Organic solutions containing 
fluoride salts (0.1-0.5wt%)  and 
small amount of water (0.1-5wt.%) 
 
i. up to 100-1000 µm long 
ii. self-organized 
iii. smooth (ribbed if water 
content is above a 
critical threshold) 
 
 
[77-84] 
 
4
th
 generation 
 
Organic solutions containing 
fluoride salts (0.1-0.5wt%) and 
small amount of water (usually 0.1-
5wt.%) 
 
i. up to 100-1000 µm long 
ii. highly self-organized 
iii. smooth (ribbed if water 
content is above a 
critical threshold) 
iv. fine tuning of anodizing 
conditions or multi-step 
approach 
 
[85-87] 
 
 
Table 3. Different regimes for anodized TiO2 NTs growth. In aqueous electrolytes containing 
fluoride ions field-assisted and chemical dissolution processes are significant and only short tubes 
form. In organic media containing fluoride ions chemical dissolution is reduced and growth of long 
NTs by plastic flow is possible. The mechanism in fluoride free solutions is believed to be of a 
Rapid Breakdown Anodization (RBA) type.  
 Formation of TiO2 NTs Refs. 
 
F
-
 in aqueous 
electrolytes 
i. NTs are formed, but of limited length (0.5µm) 
ii. High density of nucleation sites. Pore nucleation due to F- ions 
(and presence of water) 
iii. Growth process determined by chemical dissolution and field-
enhanced dissolution/oxidation 
iv. Difficult to control chemical dissolution 
 
 
[16, 68, 69, 
74, 114] 
F
-
 in organic 
electrolytes 
i. Long NTs are formed. A small % of water is generally required 
as an oxygen source and to assist ionic migration and 
dissolution 
ii. High density of nucleation sites due to F- ions (and small water 
content). Pore nucleation due to field-enhanced dissolution (i.e. 
chemical dissolution becomes relevant only for water content 
above a few wt. %) 
iii. Growth process by 'plastic flow'  
 
[38, 117, 
129, 146, 
177, 219, 
220] 
ClO4
-
/Cl
-
/Br
-
  
in aqueous 
electrolytes 
i. Long NTs are formed, but are not self-organized 
ii. High density of nucleation sites due to water and presence of 
ClO4
-
/Cl
-
/Br
-
 ions. High rate of formation. The process is 
initiated by localized anodic breakdown  
iii. Growth process by Rapid Breakdown Anodization (RBA) 
 
 
 
[43, 47-49, 
52] 
ClO4
-
/Cl
-
/Br
-
 in 
organic 
electrolytes 
i. NTs are formed, but are not self-organized 
ii. Sufficient density of nucleation sites provided by ClO4
-
/Cl
-
/Br
-
 
ions. The process is initiated by localized anodic breakdown 
iii.  RBA is poorly sustained by the electrolyte (current density too 
low) and the process soon stops 
iv.  By increasing water content it is possible to form longer tubes  
v. Self-organization is possible, particularly in mixed 
(aqueous/organic) solution, where the current density is 
sufficiently high. The mechanism behind self-organization is 
likely to be of a “plastic flow” type 
 
 
[44, 47, 50] 
 
 
 
 
 
 
 
 
 
 
 
Table 4. Different TiO2 polymorphs and some physical properties. 
 Crystal System Density  
(g/cm
3
) [261, 263] 
Optical  
Band-gap (eV) [263] 
Refractive 
Index [263] 
Rutile Tetragonal 4.13 - 4.26 3.0 2.72 
Brookite Orthorhombic 3.99 - 4.11 3.11 2.63 
Anatase Tetragonal 3.79 - 3.84 3.19 2.52 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 1. Schematic of the processes occurring during the anodization of Ti in fluoride containing 
electrolytes (a) and formation of TiO2 NTs (b). Examples of NTs obtained in fluoride containing 
aqueous (c) and organic (d) electrolytes  illustrate the morphology of the NTs which reveal a closed 
scalloped bottom, an open top (mouth) and  side walls with ripples (in water media) or 
smooth/partially smooth and partially rippled (in organic media, depending on water content). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Evolution of the self-organization (and length) of anodized TiO2 NTs: (a) 1
st
 generation 
grown in HF containing aqueous electrolytes, reprinted and adapted from ref. [16] with permission 
from Materials Research Society  (b) 2
nd
 generation grown in water electrolytes containing fluoride 
salts rather than HF, reprinted and adapted from ref. [75] with permission from Springer  (c) 3
rd
 
generation grown in fluoride containing organic electrolytes, reprinted and adapted from ref. [82] 
with permission from Institute of Physics Publishing,  (d) 4
th
 generation grown in fluoride 
containing electrolytes with careful control of anodizing parameters, particularly time, applied 
potential and fluoride ions concentration, reprinted and adapted from ref. [86] with permission from 
Wiley-VCH. 
 
 
 
 
 
Figure 3. The solubility of TiO2 depends on the pH of the electrolyte and is greater for acidic pH 
levels. Reprinted and adapted from Ref. [73] with permission from Wiley-VCH 
 
 
 
 
 
Figure 4.   Ageing of the electrolyte leading to an increase of electrical conductivity and formation 
of longer NTs. Reprinted from ref. [144] with permission from the Korean Physical Society. 
 
 
 
Figure 5. Linear relationship between the applied potential and the internal ( id ) and external ( ed ) 
diameter of TiO2 NTs. Reprinted from ref. [148] with permission from Elsevier. 
 
 
 
 
 
 
Figure 6. Schematic illustration using an O
18
 tracer in the case of barrier (a) and porous (b) anodic 
films. Anodization was firstly carried out in an O
18
 enriched electrolyte followed by a second 
oxidation in a tracer free electrolyte.  Reprinted from Ref. [159] with permission from The 
Electrochemical Society. 
 
 
 
 
 
 
 
 
Figure 7. Influence of the water content on the expansion factor of TiO2 calculated at 20 and 50V 
(a) and influence of applied potential on the expansion factor of TiO2 calculated for different water 
content in an organic electrolyte (b). Reprinted from ref. [181] with permission from Elsevier. 
 
 
 
 
 
  
Figure 8. Current-time transient registered for a sample anodized in a NaF/H2O electrolyte at 20V 
(a) [153] and during the anodization of titanium at different potentials in glycerol/NaF (b) [145]. 
Reprinted and adapted from ref. [153] and [145] with permission from Wiley-VCH and American 
Scientific Publishers, respectively.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Figure 9. Schematic of the growth of TiO2 NTs by field-assisted dissolution (a) and by plastic flow 
with the forming oxide being constantly pushed upwards (b). Fig. 9b is reprinted from ref. [27] with 
permission from Wiley-VCH. 
 
 
 
Figure 10. Morphological instabilities (undulations) generated in anodized alumina grown at 
different potentials. Reprinted from ref. [37] with permission from The Electrochemical Society.  
 
 
 
Figure 11. Schematic of a pure inner layer of anodized alumina and an outer layer contaminated by 
anions from the electrolyte. Reprinted and adapted from ref.  [200] with permission from Nature 
Publishing Group. 
 
 
 
 
 
 
Figure 12. Typical XPS peaks for Ti (a) and fluorine as 26TiF , (b) in the anodic TiO2 NTs. The 
peak relative to oxygen reveals the presence of three different components both in aqueous (c) and 
organic (d) electrolytes: O due to the oxide, O due to the hydration of the oxide and O due to 
organic C contaminants originating from the atmosphere and from post-growth cleaning with an 
organic solvent in case (c) and mainly from the organic electrolyte in case (d). Figs. 12a,b, c are 
reprinted from ref. [134]; Fig. 12d is reprinted and adapted from ref. [148] with permission from 
Elsevier. 
 
 
 
 
 
 
Figure 13.  XPS depth profiling analysis of the fluorine (a) and oxygen (b) content in an as-
prepared TiO2 film anodized in aqueous NaF/Na2SO4. Intensities of oxygen and fluorine increase 
after the removal of the organic contaminants from the surface of the film [134, 148]. Fig. 13a is 
reprinted from ref. [148] with permission from Elsevier.  
 
 
 
 
 
 
  
Figure 14. TEM micrographs of the TiO2 anodic film grown in aqueous NaF/Na2SO4 after 200s. It 
is evident that oxide rings (building blocks of the NTs) have already formed (a), with higher 
magnification image providing further details of the 3D TiO2 network making up the structure (b). 
Reprinted from ref. [114] with permission from Materials Research Society.  
 
 
 
 
  
 
Figure 15. Effect of water content on the anodization of Ti in a fluoride containing ethylene glycol 
electrolyte. With no water (a) the formation of the oxide is patchy whereas for 0.3wt% (b) and 
0.5wt% (c) porous irregular layers are obtained; ordered NTs are formed for water content ≥0.7wt% 
(d). Reprinted from ref. [221] with permission from Elsevier   
 
 
 
 
 
 
 
Figure 16. Transition from nanopores to NTs promoted by a fluoride rich layer on the outer wall of 
each single TiO2 cell. Eventually the fluoride rich layer will lead to splitting of different cells into 
well-defined NTs (a), Reprinted and adapted from ref. [211] with permission from Elsevier.  The 
electrical conductivity of the electrolyte is believed to play a role in determining the porosity and 
spacing between TiO2 cells, ultimately determining whether nanopores or NTs are formed (b), 
reprinted and adapted from ref. [234] with permission from The Royal Society of Chemistry.  
 
 
 
 
Figure 17. The movement of anions (O
2-
, OH
-
, F
-
) toward the anode and Ti
4+
 toward the electrolyte 
under the action of the electric field, allowing for the growth of the oxide at the metal/oxide 
interface and the ejection of Ti ions at the beginning of the anodization (a). Almost simultaneously 
(i.e. very early stages) cavities generate in the anodic layer because of the presence of fluoride ions 
(b). Oxide grow continues and the highly interconnected film move towards the alignment of 
cavities and the reshape of the structure (c-d). Longer channels generate in the anodic layer as the 
walls separating different cavities collapse (e-f) leading to the final structure, which consists of 
stacked oxide rings, developing normal to the metal substrate to form a nanotubular array, clearly 
visible from SEM micrograph (g). Reprinted and adapted from ref. [76] with permission from 
Springer.  
 
 
 
 
 
 
 
 
 
 
 
 
  
 
  
 
Figure 18. Similarities between tin oxide (a, b) [244] and titanium oxide (c, d) [114], both grown 
anodically and perturbed by the evolution of oxygen bubbles at the anode. Fig. 16a,b reprinted from 
ref. [244] with permission from Wiley; Fig. 16c,d reprinted from ref. [114] with permission from 
Materials Research Society.  
 
 
 
Figure 19. TiO2 NTs grown by RBA in fluoride free solutions. The interconnection between the 
different nanoparticles is typical of fast processes whereby fewer than desired nucleation and 
growth points are available. Reprinted from ref. [48] with permission from Elsevier.  
 
 
 
 
 
  
Figure 20. TiO2 crystal structures: rutile (a), anatase (b) and brookite (c). Images courtesy of 
Joseph R. Smith, University of Colorado [260] . Ti
4+ 
sits at the centre of the octahedron and O
2-
 at 
each corner. 
 
 
Figure 21. Glancing Angle X-Ray Diffraction (GAXRD) spectra of TiO2 NTs annealed at 
temperatures ranging from 230 to 880°C in dry oxygen. A, R and T indicates anatase, rutile and 
titanium (substrate), respectively. Reprinted from ref. [34] with permission from Materials Research 
Society. 
 
 
 
 
  
 
Figure 22. Rutile protrusions emerging from the titanium substrate and disrupting the NTs can be 
seen using SEM images for a specimen annealed at 580°C (a); the protrusion eventually becomes 
dominant at 680°C (b) and there is no trace of the NTs at 880°C (c). Reprinted from ref. [34] with 
permission from Materials Research Society.  
 
 
 
 
 
 
Figure 23. HRTEM details of the crystalline structure of TiO2 NTs after calcination at 300°C 
showing the presence of anatase (a, b). Reprinted and adapted from ref. [33] with permission from 
Elsevier.  
 
 
 
 
 
Figure 24. HRTEM details of the crystalline structure of TiO2 NTs after calcination at 300°C (a). 
In this case in addition to the presence of anatase (c), rutile crystals can also be detected at the tube 
bottom (b, d). Reprinted from ref. [305] with permission from The Royal Society of Chemistry.  
 
 
 
 
 
 
